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1. Abbreviations 
 
ABA  Abscicic acid 
Acd Accelerated cell death 
AOH ABC1 homolog 
ATH ABC2 homolog 
ATM ABC transporter of the mitochondria homolog 
BSA Bovine serum albumin 
BV Biliverdin IXα 
CAB Chl a/b binding protein 
CAO Chlorophyll a oxygenase 
CER Eceriferum 
CFTR Cystic fibrosis transmembrane conductance regulator  
Chl Chlorophyll 
Chlide Chlorophyllide 
CLH/chlase Chlorophyllase 
CMO Choline monooxygenase 
Coi Coronatine insensitive 
CPIII Coproporphyrin III 
CPOX CPIII oxidase 
DMSO Dimethylsulfoxide 
EDTA Ethylenediaminetetraacetic acid 
ELIP Early light induced protein 
EMS  Ethyl methane sulfonate 
EST Expressed sequence tag 
FCC Fluorescent chlorophyll catabolite 
Fd Ferredoxin 
FNR Ferredoxin-NADPH-oxidoreductase 
FPN1 Ferroportin 1 
FW Fresh weight 
G6P Glucose-6-phosphate 
GCN Yeast general control nonrepressible homolog 
GSH Glutathione reduced 
HCP1 Heme carrier protein 1 
HO Heme oxygenase 
HPLC High pressure liquid chromatography 
HR Hypersensitive response 
HY Long hypocotyl 
JA Jasmonic acid 
Kb Kilo base 
kDa Kilo Dalton 
LHC Light harvesting complex 
Lls1 Lethal leaf spot 1 
MCS Metal chelating substance 
MDR Multi-drug resistance 
MeJA Methyl jasmonate 
MRP Multidrug resistance associated protein 
MS Mass spectrometry 
NAP Nonintrinsic ABC protein 
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NBF Nucleotide binding fold 
NBT Nitroblue tetrazolium 
NCC Non-fluorescent chl catabolite 
NDO Naphtalene dioxygenase 
nptII Neomycin phosphotransferase II  
NYC Non yellowing colour 
PAGE Polyacrylamide gel electrophoresis 
PCD Programmed cell death 
PAO Pheophorbide a oxygenase 
Pchlide Protochlorophyllide 
PDR Pleiotropic drug resistance 
PEG Polyethylene glycol 
Pheide Pheophorbide 
PMP Peroxisomal membrane protein 
PMSF Phenylmethyl sulphonyl fluoride 
PPOX Protoporphyrinogen IX oxidase 
PS Photosystem 
PTC52 Protochlide dependent translocon 52 
PФB Phytochromobiline 
RBCS RubisCO small subunit 
RCC Red chlorophyll catabolite 
RCCR Red chlorophyll catabolite reductase 
RFF RCC forming factor 
RNAi RNA interference 
ROS Reactive oxygen species 
RubisCO Ribulose-1,5-biphosphate carboxylase-oxygenase 
SA Salicylic acid 
SAG Senescence associated gene 
Scp Small Cab protein 
SDS Sodium dodecyl sulphate 
SGR/SGN/NYE Staygreen 
Sid Senescence induced degradation 
SMC Structural maintenance of chromosomes homolog 
SUR Sulfonylurea receptor  
TAP Transporter associated with antigen processing homolog 
TAPa Tandem affinity purification 
TF Transcription factor 
TIC Translocon of the inner envelope of chloroplast 
TMD Transmembrane domain 
Tris Tris(hydroxymethyl)aminomethane 
VTE Vitamin E mutant 
WBC White brown complex 
WSCP Water soluble chl-binding protein 
WT Wild type 
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2. Abstract 
 
During senescence, chlorophyll (chl) is degraded through a well described pathway to 
be detoxified and to allow remobilization of nitrogen from the photosystems. One of 
the major steps in chl breakdown is the opening of the porphyrin ring via the coupled 
reaction of pheophorbide a oxygenase (PAO) and the red chl catabolite reductase 
(RCCR). Product of this reaction, a fluorescent catabolite (pFCC) is occurring in the 
chloroplast, whereas, the final products, non fluorescent catabolites of chl are located 
in the vacuole. The first objective of this work was to identify the transporter involved 
in pFCC export out of the chloroplast. A primary active ATP dependent transporter, 
AtWBC23 was shown to be one of the major transporters involved in this process. 
Most of enzymatic steps of degradation of chl are well known, however, regulation of 
the pathway is still only partially described. We characterized the stay-green factor 
(SGR, At4g22920) as a key element of chl degradation regulation. Moreover, 
intensive characterization of SGR mutants allowed to identify and characterize one of 
Mendel’s pea lines as being defective in SGR. In addition, major advances in SGR 
function in relation to the PAO pathway were achieved. In summary, these 
investigations demonstrate that SGR functions upstream and independent of PAO.  
In a third part, I was more interested in characterizing the PAO/RCCR reaction. 
Thereby an additional protein required in the known reaction was molecularly 
identified and characterized. This factor could contribute to substrate channelling 
through PAO/RCCR by detoxifying reactive oxygen species formed in the PAO 
reaction. 
During my PhD thesis, I worked on several aspects of chl breakdown, i.e. transport, 
regulation and catabolism, which considerably improved our understanding of how 
important  proper chl degradation is to avoid phototoxic lesion formation. Further 
work will be required to show whether such a chl metabolic process is also 
responsible for chl turnover in green mature leaves.  
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3. Zusammenfassung 
 
Chlorophyll wird während der Seneszenz abgebaut, um mit seiner Entgiftung der 
Pflanze Stickstoff aus den Fotosystemen zu Verfügung zu stellen. Im wichtigsten 
Schritt des Chlorophyllabbaus öffen die Enzyme Pheophorbid a Oxygenase (PAO) 
und „Roter Chlorophyll Katabolit“ Reduktase (RCCR) den Porphyrinring des 
Chlorophyllmoleküls. Während sich das fluoreszierende Produkt dieser Reaktion 
(pFCC) im Chloroplasten befindet, werden nicht fluoreszierende Endprodukte in der 
Vakuole gelagert. Ein Ziel dieser Arbeit war die Identifizierung eines möglichen 
Transporters, der pFCC aus dem Chloroplasten transportieren könnte. Dabei konnte 
das ATP abhängige Transporterprotein AtWBC23 (At5g06530) als Haupttransporter 
von pFCC identifiziert werden. 
Der Ablauf des enzymatischen Chlorophyllabbaus ist gut beschrieben, jedoch über die 
Regulation dieses Prozesses ist noch wenig bekannt. Ich charakterisierte den „Stay-
Green“ Faktor (SGR, At4g22920), eines der Schlüsselenzyme in der 
Chlorophyllabbauregulation. Durch diese Untersuchung wurde herausgefunden, dass 
eine der von Mendel benutzten Erbsensorten (i) einen Defekt in der Produktion von 
SGR aufweist. Weiter konnte die Funktion von SGR im Zusammenhang mit dem 
PAO-abhängigen Abbauweg besser beschrieben werden. SGR funktioniert 
unabhängig und vor PAO im Chlorophyllabbau.  
Im letzten Teil dieser Arbeit wurde die PAO/RCCR Reaktion genauer untersucht. Es 
wurde ein zusätzliches Protein identifiziert, das für diese Reaktion benötigt wird. Es 
handelt sich um eine Peroxidase, die den durch PAO produzierten reaktiven 
Sauerstoff entgiftet.  
Während meiner Dissertation interessierten mich verschiedene Aspekte des 
Chlorophyllabbaus, vor allem der Transport, die Regulation und der Abbau selbst. 
Diese Arbeit zeigt, wie wichtig ein gut funktionierender Chlorophyllabbau ist, um 
durch die Entgiftung der phototoxischen Abbauprodukte die Bildung von Lesionen zu 
verhindern. Zukünftige Forschung muss zeigen, ob der Chlorophyllabbau via 
PAO/RCCR nur während der Seneszenz geschieht oder auch schon in den grünen 
Blättern der Pflanze. 
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4. Introduction 
 
Chlorophyll (chl) is the key pigment of photosynthesis, responsible for the most 
predominant carbon fixation process in living organisms. Chl is the most abundant 
pigment with estimated more than one billion tons synthesized and destroyed every 
year (Hendry et al., 1987). The most visual demonstration of chl degradation is taking 
place in forests of temperate climate areas with their splendid autumn scenery. At the 
end of their life cycle, annual plants and deciduous trees are entering in the last stage 
of their development: senescence. They start relocating nutrients by degrading 
photosynthetic complexes as well as the pigments they contain. Bright autumn colours 
are due to simultaneous chl degradation and synthesis of carotenoids and 
anthocyanins (Ougham et al., 2005). The plant senescence process as well as chl 
degradation are tightly regulated mechanisms. Along senescence, chloroplasts are 
converted to gerontoplasts, they lose volume and density, accumulate plastoglobules 
and slowly lose photosynthetic capacity. This transition could however be reversed 
(Parthier, 1988). Physiological relevance for an enzymatic degradation of chl is 
mainly explainable by the necessity for the plant to recycle fixed nitrogen from 
photosystem protein complexes. Indeed one mole of chl contains four moles of 
nitrogen, but chl nitrogen represents only 2% of the cellular nitrogen (Hörtensteiner, 
2006). Plants disposing chl aim to recycle photosystem apoproteins gathering 20% of 
the cellular nitrogen. Chl degradation can be considered as a detoxification process. In 
green tissues, chl is always bound in protein complexes and chl never gets released. If 
chl would be released, light activation of free chl or free chl derivatives would lead to 
a dramatic uncontrolled reactive oxygen species (ROS) accumulation, such as 
production of singlet oxygen, and would provoke premature cell death, like in the 
pao1 (pheophorbide a oxygenase 1) mutant (Pružinská et al., 2003). Therefore plants 
get rid of this potential phototoxin as soon as chloroplast dismantling begins 
(Hörtensteiner, 2004, 2006).  
A biochemical pathway for the degradation of chl was almost not documented until 
the beginning of the eighties, whereas chl biosynthesis has been extensively studied 
(Tanaka and Tanaka, 2006). A first hint showing the existence of a pathway for chl 
degradation in higher plants was the description of the first non-fluorescent chl 
catabolite (NCC) (Kräutler et al., 1991). Since then, the chl degradation pathway 
became a better and better described detoxification process, with the help of mutants 
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impaired in different steps of the pathway. Mutant studies allowed the recent cloning 
of three of its key enzymes: PAO, red chl catabolite reductase (RCCR) and chl b 
reductase (Wüthrich et al., 2000; Pružinská et al., 2003; Kusaba et al., 2007). Green 
chl is converted in a multistep pathway to linear colourless and nonfluorescent 
tetrapyrroles, NCCs (Fig. 1). The earliest step of removing chl from antennas and 
photosystem cores is still unclear. In algae and higher plants, an important number of 
reports attempted to characterize the involvement of chl binding proteins and 
proteases in photosystem degradation, but the overall picture is difficult to sum up in 
one clear pathway. 
The porphyrin degradation itself starts with the consecutive removal from chl of both 
phytol and the Mg atom by chlorophyllase and a metal-chelating substance, 
respectively. However, molecular identification of chlorophyllase (CLH) (Tsuchiya et 
al., 1999) has recently been questioned in Arabidopsis (Schenk et al., 2007). Loss of 
the green colour occurs during the subsequent opening of the porphyrin macrocycle of 
pheophorbide (pheide) by the coupled action of PAO and RCCR (Fig. 2). This yields 
a primary fluorescent catabolite (pFCC), which is exported from the plastid by a 
primary active transporter (Matile et al., 1992). Further steps in the pathway are 
reminiscent of detoxification processes widely occurring in plants (Kreuz et al., 
1996). Thus, pFCCs are activated by hydroxylation and after modifications are 
imported into the vacuole by a further primary active transport system (Hinder et al., 
1996). Due to the acidic vacuolar pH, FCCs eventually tautomerize non-
enzymatically to NCCs (Oberhuber et al., 2003; Hörtensteiner, 2006). While the 
earliest steps of chl degradation are common to all higher plants, the later stages of 
modification and conjugation are species-specific.  
Additional characterization of mutants retaining chl during senescence has recently 
provided more information on the regulation of the pathway. The 
SID/SGR/SGN/NYE protein depleted in an important set of mutants in Festuca, 
Arabidopsis and rice is a promising regulator of chl degradation, but its physiological 
function is yet unknown despite the recent increasing interest (Armstead et al., 2007; 
Park et al., 2007; Ren et al., 2007). 
My work attempted to shed light on several issues in the characterization of chl 
breakdown. Namely, the identification of the export process of the FCC out of the 
chloroplast, the regulation of the degradation by the so-called staygreen factor (SGR) 
and additional characterization of the PAO/RCCR coupled reaction.    
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Figure 1. Model of the chl breakdown pathway in higher plants. All steps are 
labelled with numbers, putative reactions are indicated with a question mark. 0: chl b 
reductase, 1: chlorophyllase, 2: metal chelating substance, 3: red chlorophyll 
catabolite reductase, 4: pheophorbide a oxygenase, 5: putative RFF activity, 6: ABC 
transporter WBC23, 7: ABC transporter MRP. See Figure 2 for catabolite structures.  
cytosol 
vacuole 
chloroplast 
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Figure 2. Chemical structures of chlorophyll and chlorophyll catabolites. 
Labelling of pyrrole rings (A-D), methine bridges (α-δ) and relevant carbon atoms can 
be seen on chl. R0= CH3, chl a, R0= CHO, chl b; R1-R3 in NCCs indicate possible 
modification sites. (Adapted from Hörtensteiner, 2006). 
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4.1 Chlorophyll breakdown pathway 
4.1.1 Removing of chlorophyll from the photosystems 
 
Even if extensive literature is covering the assembly of photosystems (PS) and the 
assembly of their subunits (Baena-Gonzalez and Aro, 2002), degradation processes of 
the PS supercomplexes are remaining largely unknown, neither concerning the 
turnover during the life of the plant, nor concerning the senescence-specific 
degradation. Upon light exposure protochlorophyllide is converted to chl (von 
Wettstein et al., 1995) and chl binding proteins (D1, CP43 and 47) are synthesized, 
enabling a final stable assembly of PSII (Kim et al., 1994). Soon after synthesis, as the 
water splitting chemistry is going on, various reactive and radical oxygen species are 
produced which cause irreversible damage to PSII. An efficient and rapid mechanism 
avoids accumulation of damaged PSII. A rapid turnover of the reaction centre D1 
protein prevents the whole structure from being further damaged by the oxidative 
stress (Baena-Gonzalez and Aro, 2002). A highly specific proteolysis of D1 and 
phosphorylation of PSII proteins allows an efficient recycling of the reaction centre. 
Other PSII core subunits, as well as other chl binding proteins turnover more slowly 
(Komenda et al., 2006). During D1 recycling in Synechocystis, it is thought that some 
proteins of the CAB (chl binding protein) family should interact with chl, allowing an 
efficient recycling (Vavilin and Vermaas, 2007). Interestingly, it has been shown that 
some small chl binding proteins, such as SCPd, interact with PSII and FTSH 
proteases, suggesting an involvement of this protease family in PSII dismantling (Yao 
and Greenberg, 2006). SCP’s would bind chl and avoid chl to be converted to 
chlorophyllide (chlide) by chlase. This would allow a quick recycling of D1 in the 
complex (Vavilin et al., 2007). However, turnover of D1 in the Festuca SGR mutant 
Bf993 is processing normally, suggesting SGR might not regulate D1 degradation 
(Hilditch et al., 1986). 
In plants, the precise function of CAB proteins is unclear. Plastid encoded chl a/b 
binding proteins are part of the PSI and II reaction centre heterodimers and internal 
PSII antennas CP43 and 47. The second group are the nuclear encoded LHC (light 
harvesting complex) proteins binding chl a and b. This group contains around 30 
distant relatives such as PSBs (CP22), known to be involved in non photochemical 
quenching (Ballottari et al., 2007), or the early light-inducible proteins (ELIPs) 
(Adamska et al., 1996; Tzvetkova-Chevolleau et al., 2007). ELIP and PSBs 
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accumulate in thylakoids during high light stress and are proposed to be involved in 
quenching activity (Horton et al., 1996; Heddad and Adamska, 2002). ELIP 
contribution to photoprotection has been questioned in Arabidopsis (Rossini et al., 
2006), although ELIP1 and 2 have been co-isolated with LHCb’s (Heddad et al., 
2006). ELIP2 has been shown recently to regulate chl synthesis in Arabidopsis by 
sensing thylakoid chl content (Tzvetkova-Chevolleau et al., 2007). However, no 
function of ELIP during chl degradation has been demonstrated so far. 
A large part of chl is located in the antennas of the photosystems (Nelson and Yocum, 
2006). Antenna degradation processes in higher plants have been thought to involve 
proteases such as FTSH6 (Zelisko et al., 2005). However recycling mechanism of the 
antenna and the mechanism by which antennas are degraded during senescence are 
largely unknown processes and a real involvement of FTSH in this mechanisms is still 
under discussion (A. Pruzinska and C. Funk, personal communication). 
Serine/cystein-type proteases are involved in LHC degradation during light stress 
(Tziveleka and Argyroudi-Akoyunoglou, 1998). Some reports show endopeptidase 
and metalloprotease involvement in, respectively, LHCb1 and 3 degradation 
(Forsberg et al., 2005; Zelisko et al., 2005). Other types of proteases were thought to 
be involved as well, such as stromal CLP or thylakoid DEGp and SPPa (Adam and 
Clarke, 2002).  
However, it is reasonable to think that removing of chl might be a prerequisite for 
degradation of  chl-binding proteins. This raises the question of specific chl binding 
mechanisms responsible for chl removal from the complexes. SGR factor has been 
shown to interact with LHCb and has been proposed to be involved in such 
mechanism even if no physiological activity has been shown so far for this factor  (see 
section 7) (Park et al., 2007). Chl is believed to turnover rather fast at the steady-state 
level (Stobart and Hendry, 1984; Thomas et al., 1997). None of the mechanisms or the 
factors involved in chl removal has been elucidated and there is plenty of room for 
further investigations in this direction. Recently, the Vermaas lab published a few 
papers about 15N and 13C pigment labelling in Synechocystis, and estimate chl half-life 
to be around 200 h (Vavilin et al., 2005; Vavilin and Vermaas, 2007; Vavilin et al., 
2007). 
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4.1.2 Catabolic steps of the porphyrin ring 
4.1.2.1 Chl b reductase 
 
All but one of the NCCs isolated so far from higher plants have been shown to derive 
from chl a (Hörtensteiner, 2006; Müller et al., 2006). One reason for this is the 
substrate-specificity of PAO for pheide a, with pheide b being a competitive inhibitor 
(Hörtensteiner et al., 1995). Furthermore, reduction of chl b to chl a within the chl-
protein complexes of the photosystems has been suggested to be a prerequisite for chl 
degradation, leading to the destabilization of these chl-protein complexes 
(Hörtensteiner, 2006). Chl b is a component of the antenna complexes in the 
photosystems. The so called “chl cycle” describes the interconversion of chl/chlide b 
and a. The oxidative part of the cycle acts mainly on chlide and is catalyzed by chlide 
a oxygenase, a Rieske-type iron sulphur oxygenase. Thereby the C7 methyl group of 
chl is oxidized to a formyl group via a C7-hydroxy chlide intermediate (Rüdiger, 
2002). The opposite reductions are catalyzed by an NADPH-dependent chlide b 
reductase and a ferredoxin-dependent hydroxy-chlide a reductase.  
Interestingly, chl(ide) b reductase is the only enzyme of chl breakdown so far 
localized in the thylakoid membrane, as probably the first enzyme of the pathway. It 
is known that chl b removal from the antennas leads to lower accumulation of LHCbs 
(Tanaka and Tanaka, 2005) and chl b is needed in a certain stoichiometry to chl a in 
order to stabilize chl-protein complexes (Horn and Paulsen, 2004; Hoober et al., 
2007). 
4.1.2.2 Chlorophyllase 
 
Chlorophyllase (chlase) is the enzyme responsible for the hydrolysis of the ester bond 
between ring D of chl and the phytol tail, to yield chlide. A large amount of 
biochemical literature has accumulated about this enzyme since its discovery in 1913, 
as it was thought to be the first key enzyme of the pathway (Willstätter and Stoll, 
1913). This intriguing enzyme has been purified from Chenopodium album, Citrus 
sinensis, Phaeodactylum tricurnutum and Arabidopsis (Terpstra, 1981; Jacob-Wilk et 
al., 1999; Tsuchiya et al., 1999). In 1999, two groups independently cloned chlase 
genes in C. sinensis (CsCLH1), C. album (CaCLH) and Arabidopsis (AtCLH1 and 2) 
(Jacob-Wilk et al., 1999; Tsuchiya et al., 1999). All these enzymes are presenting a 
serine lipase domain mediating the de-esterification. Surprisingly, a rather low 
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homology has been found between CLH proteins and some were even missing a 
chloroplast targeting signal.  
Recently, CLHs from Arabidopsis have been shown to localize outside the chloroplast 
(Schenk et al., 2007). Moreover, Arabidopsis CLH1 and CLH2 are predicted to be 
soluble, raising questions about their substrate accessibility in the thylakoid 
membranes (Takamiya et al., 2000). Expression patterns of both genes are not 
correlated to each other or to senescence (Liao et al., 2007). CLH1 is responsive to 
methyl jasmonate, wounding and pathogen treatment, which might be an indication of 
a different function despite of the in vitro shown chlase activity (Benedetti et al., 
1998; Kariola et al., 2005). Following this new conflicting reports, it might be 
reasonable to distinguish between chl dephytylation in fruits and in leaves. Indeed 
Citrus chlase cloned from fruits has been located in the chloroplast in two 
heterologous expression systems in tobacco protoplasts and in squash (Cucurbita 
pepo). CsCLH has also been shown to have an in vivo activity with increasing chl 
degradation when overexpressed (Harpaz-Saad et al., 2007). As identification of the 
leaf chlase may be missing, it is not known if chlide is formed in the thylakoid 
membrane or whether chl is taken over by a carrier to be transported to the envelope, 
as suggested some 10 years ago by Matile’s group (Matile, 1997). In this hypothesis 
the carrier system might involve water soluble chl proteins (WSCPs), which have 
been shown to remove chl from pigment-protein complexes (Satoh et al., 1998). 
Plastoglobules could also function as a carrier system, as they have been shown to be 
contiguous with the thylakoid membranes and contain large amounts of phytol and 
some predicted chl binding proteins (Brehelin et al., 2007).  
4.1.2.3 Phytol recycling 
 
The fate of the phytol tail after its cleavage from the porphyrin ring has only recently 
been studied. An Arabidopsis mutant impaired in tocopherol biosynthesis (vte5-1) 
shows accumulation of free phytol. Once the phytol is released, especially in seeds, it 
is phosphorylated by two kinases to give phytyldiphosphate, which is converted to 
tocopherol (Ischebeck et al., 2006; Valentin et al., 2006). Fatty acid phytyl esters 
derived from chl phytol were also shown to accumulate in thylakoids and 
plastoglobuli under nitrogen starvation (Gaude et al., 2007). Physiologically, phytol 
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recycling in tocopherol adds a so far unknown advantage in degrading chl, to protect 
against oxidative stress via tocopherol.  
4.1.2.4 Mg-dechelation 
 
Two processes are thought to be responsible for Mg2+ dechelation. The first implicates 
a low-molecular weight compound named MCS (magnesium chelating substance). A 
second factor has been described whose activity might be associated with MCS. 
Whether MCS is working as a co-factor of a dechelatase protein is not known, and 
sizes vary from species to species. It can just be speculated that dechelation is 
probably catalyzed by low molecular weight compounds whose structures are not 
known (Suzuki and Shioi, 2002).  
It is of interest to see that opening of the porphyrin ring from heme needs the presence 
of a ferrous iron and oxygen with formation of an peroxo intermediate and CO 
emission (Unno et al., 2007). The heme porphyrin ring however is cleaved in 
biliverdin at the same position like in the pheide/RCC reaction. Obviously there is no 
need for a dechelation step in heme metabolism, and heme oxygenase is clearly not 
able to open the chlide ring, i.e. there is no cross-talk between heme and chl 
degradation.  
4.1.2.5 PAO: loss of green colour 
 
- PAO reaction 
The first detectable linear tetrapyrrole of the chl degradation pathway is the primary 
fluorescent catabolite (pFCC). pFCC is obtained by the oxidative cleavage and 
reduction of pheide a by the activity of two enzymes: pheide a oxygenase and RCC 
reductase (Fig. 3). Opening of the chlorine cycle can be considered as the most 
important step in chl catabolism, as it is the first absolutely irreversible step giving 
raise to colourless catabolites. PAO/RCCR identification and cloning (Wüthrich et al., 
2000; Pružinská et al., 2003) followed the establishment of an in vitro assay in which 
pheide a is converted in pFCC (Hörtensteiner, 1998). PAO is introducing one 
molecule of dioxygen at the α-methine bridge on ring B of pheide to form RCC. The 
second lactam oxygen atom of ring A is probably derived from water (Hörtensteiner 
et al., 1998).  
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Pheide a has been shown in vitro to be an exclusive substrate for PAO with pheide b 
inhibiting in a competitive manner (Hörtensteiner et al., 1995), although discovery of 
the C7 hydroxylated At-NCC-3 suggests that pheide b might be converted by PAO as 
well (Müller et al., 2006). In Chlorella protothecoides, PAO is less specific, causing 
occurrence of Chl a and b derived degradation products (Hörtensteiner, 1999). 
 
- PAO and related monooxygenases 
PAO is expressed specifically during senescence even if a basic activity level has been 
shown in non-senescent tissues (Hörtensteiner et al., 1995; Yang et al., 2004). 
Regulation of PAO at the posttranscriptional level (phosphorylation) has been 
suggested in oil-seed rape (Hörtensteiner, 2004; Chung et al., 2006). Microarray data 
show expression of PAO in flowers, and partial flowering phenotype of the pao1 
mutant might highlight an additional function of PAO in these organs (Pružinská et 
al., 2005). PAO is also overexpressed during wounding (Yang et al., 2004) and is 
thought to be a major trigger of the hypersensitive response for light dependent 
pathogens (H. Ougham and L. Mur, personal communication).   
PAO is a Rieske-type iron sulphur monooxygenase which is associated with the 
envelope of the chloroplast (Matile and Schellenberg, 1996) and contains two 
transmembrane domains. In Arabidopsis it belongs to a five member family of LLS1 
(lesion leaf spot) related non heme iron oxygenases containing chl a oxygenase 
(CAO), choline monooxygenase (CMO), PTC52 and TIC55 (Gray et al., 2004). 
PTC52 is the closest homolog of PAO and was suggested to catalyze  the conversion 
of protochlorophyllide (pchlide) a to pchlide b (Gray et al., 2004; Reinbothe et al., 
2004). TIC55 has been isolated as a member of the chloroplast envelope protein 
import machinery together with TIC62, a dehydrogenase binding FNR (Stengel et al., 
2008). Besides a proposed regulation function in the envelope import machinery, no 
other function has yet been shown for TIC55 (Küchler et al., 2002).   
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Figure 3. Opening of the porphyrin ring is the key step of chl degradation. PAO 
is opening the chlorin cycle on the α-methine bridge and adds an oxygen to the ring B. 
A second atom of oxygen is added on ring A from water. This reaction requires Fd. 
Subsequent reaction is the reduction of the C20/C1 δ-methine bridge by RCCR, 
creating a stereocenter in C1 (circled in red). Adapted from Hörtensteiner, 2006. 
 
4.1.2.6 RCCR 
 
- A classical bilin reductase  
RCCR is a soluble stromal protein catalyzing the reduction of the C20/C1 bond of RCC 
to pFCC. RCCR is related to a family of Fd-dependent bilin reductases which reduce 
biliverdin IX (BV). This family includes HY2, responsible for  BV conversion to 
phytochromobilin, and other photosynthetic bacteria BV reductases converting BV 
into phycobilins (Frankenberg et al., 2001).  
As a consequence of the reduction a stereospecific center is formed (Rodoni et al., 
1997). Depending on the source of RCCR, one of two C1 isomers of pFCC is formed 
(Fig. 3). For example, in Arabidopsis RCCR, pFCC-1 is formed, whereas in tomato, 
pFCC-2 is exclusively formed. Identification of the RCCR gene and chimeric 
construction of the two isoforms have shown that in Arabidopsis, an exchange of 
Phe218 to Val was sufficient to change the specificity of the protein from pFCC-1 to 
pFCC-2 (Pružinská et al., 2007). However a modelled crystal structure from RCCR 
based on the biliverdin reductase PCYa from Synechocystis hardly shows a specific 
location of this residue in the substrate pocket of the protein (S. Hörtensteiner, 
personal communication). Crystallization of both versions of RCCR might bring some 
more clues concerning the mechanism of RCC formation. When chemically 
synthesized RCC is incubated with pure RCCR both stereoisomers are formed, 
A B 
α 
δ 
1 
20 
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suggesting an influence of PAO or an other factor in the stereospecificity (Rodoni et 
al., 1997).   
 
- Other potential function 
RCCR is expressed constitutively and no proof of any regulation has been shown 
(Wüthrich et al., 2000). RCCR expression is not particularly upregulated during 
senescence and is thought to have several functions in addition to the protective 
activity against cell death by removing RCC, such as providing pathogen resistance 
upon Pseudomonas syringae infection (Mach et al., 2001). In addition to the reduction 
of RCC in pFCC, contradictory reports show a protoporphyrin IX (PPIX) detoxifying 
activity (Yao et al., 2004). Recent localization of RCCR in non-photosynthetic tissues 
and at a subcellular level in mitochondria may highlight an other unknown function 
for this enzyme (Yao and Greenberg, 2006). 
4.1.3 Export, modification and storage 
 
The PAO pathway of degradation of chl is leading to an ultimate storage of linear 
colourless NCCs in the vacuole. This process requires that catabolites cross the 
envelope of the chloroplast and the tonoplast. Attempts to identify such transporters 
are hindered by the problem of the exact nature of the substrate which is translocated 
at every step. 
 
- Chloroplastic export of pFCC 
Chloroplastic export of chl catabolites has been shown to require ATP in isolated 
senescing chloroplasts from barley (Matile et al., 1992). In this fundamental 
experiment, FCC was exported out of the chloroplast when ATP were applied. 
Moreover, in pao1, where a large amount of pheide is accumulated, no pheide is 
observed to accumulate outside the chloroplast during senescence (S. Aubry and S. 
Hörtensteiner, unpublished results) suggesting a rather good specificity of the 
transporter. We have shown that in acd2 depleted in RCCR, RCCs are found outside 
the chloroplast (Pružinská et al., 2007). This might be explained by the similar 
conformation of RCC and FCC, thought to be the natural substrate. RCC and FCC are 
both linear tetrapyrroles. RCCs are absorbing in red, pFCC is blue fluorescing and 
both never accumulate in WT.  
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A knockout mouse depleted in an ABC transporter, ABCG2 (BCRP1), has been 
shown to accumulate in the blood and bile large amounts of pheide when fed with chl 
derived diet. This accumulation lead to a “porphyria” like phenotype, with phototoxic 
lesions on most light exposed organs, like the ears (Jonker et al., 2002). Fed with 
pheide, mice were no longer able to detoxify the porphyrin back to the gut and 
accumulated chl derivatives in their body. The mechanism by which pheide is 
incorporated as well as its conversion to a linear RCC is still unknown. However 
ABCG2 has been shown, besides an impressive set of diverse substrates also to 
transport pheide (Robey et al., 2004; Krishnamurthy and Schuetz, 2005).  
Resorption of chl in the mouse gut may be compared to incorporation of heme (Fig. 
4). A large part of iron is resorbed in heme-bound form through a facilitator (HCP-1) 
(Shayeghi et al., 2005; Latunde-Dada et al., 2007). Incorporated heme is either further 
translocated to the blood or converted by heme oxygenase to free iron and biliverdin. 
Free iron is further transported by ferroportin (FPN) to the blood, but data are missing 
concerning the open tetrapyrrole. The porphyria research field is classically 
concentrated on different enzymatic steps of heme biosynthesis, but accumulation of 
biliverdin or further degradation products of heme might be responsible for some 
unexplained porphyria-type disorders.  
The accumulation of RCC-like compounds in mice depleted in ABCG2 (see section 
6.4) lets imagine a probable chelation of iron on free pheide and subsequent ring 
opening via heme oxygenase to give raise to a mouse-type RCC (which would have 
lost the C5 carbon). Transporters most closely homologous to ABCG2, like WBC23 
and 28 in Arabidopsis, might be able to transport porphyrins as well.  
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Figure 4. A. Schematic representation of heme and chlorophyll uptake in mammal intestine. 
Heme is taken up by HCP-1 and cleaved into biliverdin by heme oxygenase. The iron is then imported 
into the blood by ferroportin (FPN1). Further degradation of biliverdin is not reported. Chlorophyll 
derivatives are imported by the gut cells by an unknown mechanism. Pheide is exported to the lumen 
via an active ABC transporter ABCG2. Modified from Latunde-Dada et al, (2006). B. 3D 
representation of chl, pheide a and RCC. Designed with MarvinSketch software.  
A. 
B. 
Chlorophyll a 
Pheophorbide a 
RCC 
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- Export of other porphyrins from the chloroplast 
Necessity of porphyrin export out of the chloroplast has been suggested in other 
context (Tanaka and Tanaka, 2006). Indeed, the earlier steps of biosynthesis of heme 
and chl are common, and a heme precursor, probably coproporphyrinogen III (CPIII), 
is translocated to the mitochondria. Plastid to nucleus signalling might also involve 
PPIX export (Tanaka and Tanaka, 2006; Ankele et al., 2007). The exact nature of the 
export process(es) is still missing, and identification of transporters for chl derivatives 
was one of the main objectives of this work. A linear tetrapyrrole transporter is 
moreover needed for the export from the chloroplast of phytochromobilin as the co-
factor needed for phytochrome biosynthesis (Terry et al., 2002). 
 
- Vacuolar transport  
A primary active transport system for Bn-NCC-1 has been described in barley 
vacuoles with a surprisingly high affinity for a FCC (Hinder et al., 1997). This 
suggested the import of FCCs into the vacuole prior to their tautomerization due to pH 
acidification (Oberhuber et al., 2003). Although two full-size ABC transporters, 
AtMRP2 and AtMRP3, have been shown two transport Bn-NCC-1 after expression in 
yeast, the identity of the in vivo transporters is still unknown. As many MRP or other 
members of the ABC transporter multigenic family are localized to the tonoplast, 
several transporters may be able to import FCC into the vacuole. 
 
-NCC storage and further modifications 
On the way to the vacuole pFCC might be modified by different reactions: 
dihydroxylation of the vinyl group of pyrrole A, hydroxylation at C8 followed by a 
glucosylation and/or malonylation and C13 demethylation (for review see 
Hörtensteiner, 2006). NCCs are derived from either pFCC-1 or -2 and are 
consequently divided into two stereospecific groups. All but one NCC (At-NCC-3) are 
derived from chl a. The exception might be due to chl cycle interconnection of chlide 
b and a, even if PAO is specifically acting on pheide a in higher plants (Müller et al., 
2006).  
Due to the acidic condition in the vacuole, FCCs are spontaneously tautomerized to 
NCCs. Once in the vacuole, storage or further degradation of NCCs is species-
specific. Indeed some species keep a ratio of final catabolites equivalent to chl which 
have been degraded (like in Arabidopsis or barley). On the other hand in tobacco or 
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radish NCC amounts decrease with time (Suzuki and Shioi, 1999; Hörtensteiner, 
2006). 
Physiological relevance for late modifications and hypothetical controlled degradation 
of NCC chains is hard to show, as it may occur after the loss of cellular integrity. 
Conjugations and modifications might allow a better solubility in the vacuole 
(Oberhuber et al., 2003).  
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4.2 Significance of detoxifying porphyrins 
4.2.1 Leaf senescence  
 
Chl degradation is part of a larger process, leaf senescence. Leaf senescence is not a 
passive and unregulated degeneration process, such as necrosis, leading to the 
disruption of the cell in an uncontrolled manner. Conflicting nomenclature in the 
literature leads to wrong comparison between plant senescence and animal senescence 
(Ougham et al., 2005). In fact plant senescence is a reversible process of 
remobilization of nutrients. It takes place every year in annual plants, such as wheat, 
soybean, corn or rice during grain filling and maturation stage. In Arabidopsis, 
senescing leaves loose 85% of their nitrogen content, as well as large quantities of 
carbon, sulphur, phosphate, potassium and micronutrients (Himelblau and Amasino, 
2001). Similar results have been observed in deciduous Populus tremula (Keskitalo et 
al., 2005).   
The earliest and more significant changes in cell structure during senescence is the 
breakdown of (mesophyll) chloroplasts, containing 70% of the leaf protein 
(Hörtensteiner and Feller, 2002; Lim et al., 2003). The overall senescence process 
includes more than 800 genes (Buchanan-Wollaston et al., 2005) and only a small 
fraction of these senescence associated genes (SAG) has a described function. Part of 
them, such as NAP or WRKY53 are transcription factors (TF) which have been 
shown to act positively on senescence. Out of 1500 predicted TF in Arabidopsis, 
microarray data show a more than three-fold overexpression of 96 TF and more than 
two fold overexpression of 303 TF (Buchanan-Wollaston et al., 2005). On the other 
side 81 TF were down-regulated during dark-induced senescence (Lin and Wu, 2004). 
The observed complexity of the senescence TF network allows thinking of a complex 
and multifactorial regulation of the process, with probably a large redundancy in TF 
function.  
 It is not surprising to see a major part of upregulated SAG participating in 
relocalization processes, such as lipases, nucleases and different types of proteases 
(Buchanan-Wollaston et al., 2005). Hormones, like ABA, SA, JA and ethylene have 
been shown to positively regulate leaf senescence whereas cytokinins delay the 
senescence start (Gan and Amasino, 1997). Cytokinin and ethylene have antagonistic 
effects. Overexpression of the isopentenyl transferase in tobacco led to the 
accumulation of cytokinin and delay of senescence (Gan and Amasino, 1995). 
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Ethylene insensitive mutants such as Arabidopsis etr1 and ore3 are also delayed in the 
senescence process (Woo et al., 2004). However direct involvement of ethylene in the 
regulation of senescence is not shown (Lim et al., 2003). The interconnection of the 
different hormone pathways and several internal and external factors involved in their 
regulation, lead to a complex picture of the overall senescence regulation.  
At a cellular level, chloroplasts are converted to gerontoplasts, with dismantling of 
grana stacks and formation of large plastoglobules (Brehelin et al., 2007). As all 
photosynthetic genes are down-regulated, breakdown and remobilization processes 
are initiated. The nucleus and mitochondria remain intact much longer than 
chloroplasts, to allow SAG gene expression and respiration. However, as 
photosynthetates are no longer produced, cells start respiration using fatty acids. β-
oxidation genes are indeed upregulated during senescence (Buchanan-Wollaston et 
al., 2003).  
4.2.2 Photosensitivity of mutants impaired in the chl degradation pathway 
 
Mutants defective in several steps of chl breakdown have been used to build a scheme 
of the pathway (Hörtensteiner, 2004). Two types of phenotypes could be 
distinguished: staygreen mutants, often delayed in the earlier steps of the pathway, 
avoiding the chl-photosystem complexes to be dismantled, and lesion mimic mutants, 
accumulating excess chl catabolites and showing dramatic consequences of these 
phototoxins.   
  
-Lesion mimic mutants 
All chl biosynthetic and catabolic intermediates from uroporphyrin III onwards and 
towards RCC are phototoxic. Accumulation of free porphyrins in plants or animals 
causes cell death, usually because of light-dependent oxidative stress. The conjugated 
electron system of the pyrrole ring scavenges photons and produces singlet oxygen 
which is lethal for the cell in high amounts or which causes a cell death signalling 
cascade (Wagner et al., 2004). The maize mutant les22 is defective in 
uroporphyrinogen III decarboxylase and accumulates free uroporphyrinogen III in 
leaves which causes formation of light-dependent lesions (Hu et al., 1998). 
Interestingly, the defect in the same enzyme in human is responsible for a disease 
called porphyria cutanea tarda (PCT) an autosomal dominant trait which is clinically 
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characterized by a photosensitive dermatosis (Ajioka et al., 2006). When this 
character is found homozygously, the disease is called hepatoerythropoietic porphyria 
(HEP) and shows more severe symptoms. Porphyrins might accumulate when a step 
in synthesis or breakdown of any porphyrin is impaired. In plants, absence of 
coproporphyrinogen oxidase, plastidic ferrochelatase or protoporphyrinogen oxidase 
leads to the accumulation of their respective phototoxic substrates and subsequently to 
the formation of necrotic lesions (Kruse et al., 1995; Mock and Grimm, 1997; Molina 
et al., 1999; Papenbrock et al., 2001). This phenotype is called lesion mimic 
phenotype, due to its similarity to the localized necrosis during the hypersensitive 
(HR) response (Lorrain et al., 2003). 37 different lesion mimic phenotypes have been 
isolated to date, classified in initiation or propagation mutants (Lorrain et al., 2003).  
 
-pao1 and acd2 
Mutants depleted in PAO and RCCR have been isolated from an EMS mutagenized 
screen for plants presenting HR-like symptoms earlier than WT upon pathogen 
infection (Greenberg and Ausubel, 1993; Greenberg et al., 1994). Both mutant have 
high content of ROS, proposed to contribute to the propagation of the lesions (Gray et 
al., 2002). Characterization of these two mutants did not fully answer some of the 
phenotype features, such as partial flowering impairment in pao1 or the pathogen 
hypersensitivity of acd2 (Greenberg et al., 1994; Pružinská et al., 2005). 
 
-pao1 and phototoxicity  
The PAO gene has only recently been cloned in the maize mutant lls1 and in the 
Arabidopsis pao1 mutant (Pružinská et al., 2003). In both mutants accumulation of the 
PAO substrate, pheide, provokes formation of a light-dependent cell death phenotype. 
None of the further catabolites of pheide could be isolated in those mutants suggesting 
a unique enzyme responsible for the ring opening. These mutants are also shown to 
stay green upon dark incubation (Pružinská et al., 2003; Pružinská et al., 2005) and 
recently it has been shown that SGR, a factor involved in early chl degradation 
regulation (see section 7.3) was down-regulated in pao1 (Park et al., 2007). Authors 
speculate about retrograde signalling of pheide inhibiting SGR expression. But further 
work on SGR function is required to determine the real PAO-SGR interaction. 
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- acd2 and phototoxicity 
Analysis of mutants lacking RCCR (acd2) in Arabidopsis has shown accumulation of 
RCC during senescence. A major difference to pao1 is the accumulation of further 
catabolites of the pathway (FCC and NCC). However these catabolites appear in both 
stereoisomeric forms, suggesting a non-enzymatic conversion of RCC, probably after 
its export out of the plastid (Pružinská et al., 2007). It is of interest to observe that C. 
protothecoides does not contain any RCCR, and chl catabolites accumulating during 
heterotrophic nitrogen-limiting conditions are excreted into the surrounding medium 
(Engel et al., 1991).   
4.2.3 Heme trafficking 
 
The present study focussed on membrane trafficking of chl catabolites, but a complete 
view should also include a description of the homeostasis regulation of the 
structurally close related heme. The early steps of chl and heme biosynthesis, up to 
the chelation of either Mg or Fe, are common. All subsequent biosynthetic steps as 
well as catabolism are different. In plants, biosynthesis is taking place in the 
chloroplast, at least up to CPIII (Moulin and Smith, 2005; Tanaka and Tanaka, 2006). 
The intriguing presence in the mitochondria of coproporphyrinogen oxidase (CPOX) 
and protoporphyrinogen IX oxidase (PPOX) raises the question of mitochondrial iron 
chelation. Import in the mitochondria of precursors of heme would be needed. In 
mammals, it has been shown that an ABC transporter from the ABCB family, 
ABCB6, is responsible for trafficking of porphyrins across the outer and probably the 
inner envelope of mitochondria (Krishnamurthy and Schuetz, 2006; Paterson et al., 
2007). Diseases such as cerebrallar ataxia and X-linked sideroblastic anemia are 
associated with ABCB6 and 7 defects (Csere et al., 1998). Coproporphyrinogen III 
(CPIII) is thought to be the imported substrate, which is directly oxidised in the 
mitochondria intermembrane space (Ajioka et al., 2006). It could be speculated that 
also in plants CPIII might be exported from the chloroplast and imported into the 
mitochondria, where it would be oxidised and converted to heme.  
The closest homologs to HsABCB6 are the ABC transporters from the ATM family, 
which has three members in Arabidopsis. All three proteins are containing a 
mitochondria transit peptide and have recently been shown to be localized in the 
mitochondria (Chen et al., 2006). Historically, the yeast homolog ATM1 was the first 
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ATM to be localized in the inner envelope of the mitochondria, and has been shown 
to be involved in synthesis of iron sulphur cluster. A yeast atm1 mutant shows a petite 
colony phenotype, a low respiration rate and an over-accumulation of mitochondrial 
iron (Lill et al., 1999). AtATM mutants, initially called starik (old man in Russian) 
have been shown to have an important function in iron homeostasis. AtATM3 is able 
to complement the yeast atm1 mutant (Kushnir et al., 2001). Moreover, AtATM3 has 
been shown to be involved in heavy metal resistance in Arabidopsis (Kim et al., 
2007). More recently, Chen et al. have proposed a Fe/S cluster export activity out of 
the mitochondria (Chen et al., 2007). As data on the in vivo topology are not available 
and because structure and localization are similar to ABCB6, ATMs in plants might 
be good candidates for heme precursor import in the mitochondria. Accumulation of 
free porphyrins outside the mitochondria might explain the chlorosis phenotype 
observed in the starik mutants. Moreover, as iron is not incorporated into heme 
anymore, free iron would accumulate inside the mitochondria and become toxic. 
ATM mutants show an hypersensitivity to cadmium and lead (Kim et al., 2007). The 
mechanism proposed is a detoxification of the metals out of the mitochondria, 
probably with conjugated metals. One could also think of an indirect effect. As iron is 
not properly incorporated into PPIX, the apparent lack of iron would be compensated 
by an increase in iron incorporation as well as Cd and Pb incorporation. Hypothetical 
accumulation of CPIII in ATM mutants might be worth being investigated.  
4.2.4 Heme degradation 
 
It is commonly accepted that heme is degraded from the moment where its porphyrin 
cycle is opened (Fig. 5). Nevertheless, once the porphyrin ring is opened by heme 
oxygenase and biliverdin IX (BV) reduced to phytochromobilin, this forthcoming 
product is used in phytochromes as the chromophore (Terry et al., 2002). In 
Arabidopsis, 4 genes encode heme oxygenase, but a major one (HO1) encoded by 
HY1 has been shown to play a predominant role in heme conversion, with however a 
contribution of other isoforms (HO2, HO3 and HO4) (Emborg et al., 2006). hy1 and 
hy2 (defective in phytochromobilin synthase) mutants have both been identified as 
allelic of the genome uncoupled (gun) mutants gun2 and gun3 respectively 
(Mochizuki et al., 2001) affecting plastid signalling pathways by interrupting proper 
plastid to nucleus signalling.  
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An interesting parallel exists in phytochromobilin and FCC production. Both are 
products of a coupled reaction of an oxygenase (HY1, PAO)  and a specific reductase 
(HY2, RCCR). However, a large proportion of FCCs is detoxified and exported to the 
vacuole, whereas the phytochromobilin has an important physiological function. It 
might be interesting to analyze the mechanism by which heme degradation is 
regulated to synthesize an appropriate amount of chromophore used in phytochrome, 
as well as the fate of unused phytochromobilin, like an eventual vacuolar storage. It is 
interesting to observe that nothing is known about plant mitochondrial heme 
degradation, in absence of known mitochondrial biliverdin reductase.  
 
 
 
Figure 5. Heme degradation pathway in plants. Protoheme is degraded through two 
steps, one oxygenolytic, producing biliverdin IX followed by a reduction by 
phytochromobilin synthase. Degradation is described in the chloroplast. 
Phytochromobilin is exported from the plastid to participate in phytochrome 
synthesis. Adapted from Tanaka and Tanaka, 2007.  
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4.3 Chlorophyll retention and staygreenness 
 
-Cosmetic stay-green 
Staygreenness is a well described character found in several genetic variants. Delayed 
leaf senescence is mainly responsible for retention of chl, with partial or total absence 
of degradation of the photosynthetic apparatus (Thomas and Howarth, 2000). 
Increasing of plant productivity by increasing leaf carbon fixation was thought to be 
possible by delaying the start and the rate of senescence. Moreover, keeping plant 
material green throughout the senescence process might be of agricultural and 
economical interest, for example avoiding yellowing in broccoli (Funamoto et al., 
2006) or on the other hand hastening the degreening process in canola or soybean 
seed maturation (Bahmaei et al., 2005). Thomas and Howarth proposed a 
classification of different staygreen mutants with variation in initiation or rate of 
senescence (Fig. 6). A large majority of mutants described belong to the so called type 
C staygreens, “cosmetic” staygreens, showing retention of pigment, but a normal 
initiation and decrease in the photosynthetic capacity. Study of these mutants allows a 
better understanding of the regulation between pigment degradation sensu stricto and 
the degradation of the photosynthetic apparatus, which is partially uncoupled in these 
mutants.  
 
 
 
Figure 6. Five ways to stay green. Classification of different types of known 
staygreen mutants. Most of the staygreens described so far belong to type C, so called 
“cosmetic” staygreens. This cosmetic mutants are retaining green colour but show a 
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normal senescence process with normal decrease of their photosynthetic activity 
during senescence. From Thomas and Howarth, (2000).  
 
-Chl b reductase 
Cloning of NYC1 from rice (Kusaba et al., 2007) and analysis of respective mutant, 
nyc1, showed retention of chl a and b as well as retention of light harvesting complex 
from photosystem II (LHCII). NYC1 activity remains elusive, but is thought to be 
responsible for reduction of chl b, localized mainly in LHCII. NYC1 might be a 
primary element of the regulation of chl breakdown. 
 
-Chlorophyllase mutant: need for a staygreen ? 
Arabidopsis chlase mutants (clh1-1 and clh2-1) have been initially studied in respect 
of biotic and abiotic stress response rather than during senescence (Benedetti et al., 
1998). Study of one insertion mutant of either AtCLH1, CLH2 and a double mutant 
did not show any obvious phenotype during dark incubated senescence (Schenk et al., 
2007). Moreover, FCC and NCC were accumulating in these lines like in WT (Schenk 
et al., 2007). Absence of chlase is expected to cause either retention of chl within the 
LHC complexes or of free chl release. This was not observed in clh1-1 and 2-1 
mutants. These data question the relevance of CLH function as chlase in vivo. 
Preliminary experiments indicate that a mutant depleted in a chloroplastic esterase 
tentatively called CFC1 (candidate for chlorophyllase) show a type C staygreen 
phenotype during senescence. Experiments are currently made for confirming CFC1 
function as chlorophyllase (S. Hörtensteiner and S. Schelbert, personal 
communication).  
 
-PAO1 and SGR 
Another staygreen mutant (in dark) is the pao1 mutant depleted in PAO. Due to the 
accumulation of phototoxic pheide a, pao1 plants show a light-dependent lesion 
mimic phenotype. It was thought that pheide accumulation induces feedback 
inhibition of the degradation, but this remains to be shown (Pružinská et al., 2005).  
The majority of the type C mutants were thought to be impaired directly in enzymatic 
steps of the chl degradation pathway, such as nyc1 and pao1 (Pružinská et al., 2005; 
Kusaba et al., 2007), but recently, a further type of stay-green mutants has become a 
major focus in plant senescence research. These mutants are defective in a gene 
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originally identified in the Bf993 mutant of Festuca pratensis (Thomas, 1987). In this 
mutant, it has been shown that even when photosynthetic activity was reduced, a large 
proportion of the photosynthetic proteins remained stable, although their mRNA 
expression decreased, suggesting a decrease of protein turnover (Thomas et al., 1992). 
Excess of chl in Bf993 has been shown to induce an increase of non-cyclic electron 
transport, leading to an increase photorespiration in the mutant without any significant 
oxidative stress observed (Kingston-Smith et al., 1997). The gene was termed SID 
(senescence-induced degradation), but orthologous genes from rice, pea and 
Arabidopsis have now been designated SGR (STAY-GREEN) (Jiang et al., 1993; Park 
et al., 2007; Sato et al., 2007), SGN (Park et al., 2007) or NYE1 (nonyellowing) (Ren 
et al., 2007). Introgression of the sid locus into Lolium species allowed the molecular 
tagging of the gene (Thomas et al., 1997). By exploiting the high micro synteny 
between Lolium-Festuca and rice, it was possible to identify the candidate locus in a 
Lolium staygreen mapping population that corresponded to a staygreen locus (sgr) in 
rice (Armstead et al., 2006). Silencing of the orthologous gene, Atsgr1 (At4g22920) 
of Arabidopsis, caused the same staygreenness as in Festuca or Lolium (Armstead et 
al., 2007). Along with the retention of chl, chl-binding proteins were shown to be 
retained in the mutants (Hilditch et al., 1989; Jiang et al., 2007; Park et al., 2007; Sato 
et al., 2007). Recently, it was demonstrated that rice SGR is able to specifically 
interact with LHCII subunits (Park et al., 2007). This together with the retention of 
proteins in the mutants, suggested that SGR might be involved in dismantling chl-
protein complexes as a prerequisite for both chl and apoprotein degradation. 
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4.4 ABC transporters 
 
Part of this work was the characterization of primary active porphyrin transporters 
involved in chl degradation (see section 6). Here, I provide some basic overview on 
this major family of translocators. First obvious discrepancy observed is the number 
of genes present in different organisms. In Arabidopsis and rice more than 120 ORF 
may encode an ABC transporter, whereas in human or mouse, only 50-60 predicted 
genes are found (Sanchez-Fernandez et al., 2001). ABC transporters are primary 
active pumps using MgATP to drive transport of substrates. A common feature is the 
inhibition of their transport activity by vanadate. ABC transporters in plants are 
classified in some 13 families according to the topology of their domains. An active 
transporter unit is comprised of at least two transmembrane domains (TMD) and two 
nucleotide binding folds (NBF). Positioned in opposite symmetry, these domains 
could be gathered on a single polypeptide (full-size transporters, MDR, MRP, PDR, 
PMP and AOH family) or on two polypeptides (half-size transporters, ATH, ATM, 
WBC, TAP) working as dimers. Some bacterial ABC transporters (archaic) are acting 
with a single domain on each polypeptide, like BtuCD, a vitamin B12 carrier (Di 
Bartolo et al., 2006). The NBF contains three highly conserved features comprised of 
around 200 amino acids, the Walker A, Walker B, and the ABC signature (Rea, 
2007). Some of the proteins containing the Walker motifs are also soluble and 
classified as ABC proteins (RLL, GCN, SMC and NAP family), but their function is 
unclear. 
In this section I will focus only on three families which have been shown or thought 
to transport porphyrins in plants or mammals, MRPs and WBCs. The probable 
involvement of ATM transporters in porphyrin transport has already been discussed in 
section 4.2.3. Porphyrin transport might not be restricted to these families, as major 
redundancy in substrate specificity has been suggested many times (Rea, 2007).  
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Figure 7. Topology of the domains of three families of ABC transporters: MRP, 
ATM and WBC. Different domains have been coloured: NBFs in red, linker in blue, 
C-term extension in green, N-term signal peptide in yellow, N-term extension in dark 
gray. Adapted from Rea, 2007.  
 
- MRP family (ABCC) 
MRP stands for multidrug resistance protein and is the second largest family of full-
size transporters with 15 members in Arabidopsis (Klein et al., 2006) and 17 in rice 
(Garcia et al., 2004). MRPs differ from MDRs by the presence of an additional 
transmembrane domain (TMD0) of around 220 amino acids and are mostly found at 
the tonoplast (Fig. 7). Plants MRPs are showing a low similarity with the yeast or 
animal MRPs, suggesting a plant specific transport system. 
AtMRP1 to 5 are responsible for detoxifying processes by storing glutathione S-
conjugated compounds (like GS-anthocyanin) in the vacuole, and are able to 
complement the yeast ycf1 mutant depleted in a vacuolar yeast MRP (Rea et al., 
1998). But they are also able to transport glucuronate conjugates (Klein et al., 2004), 
and the final chl catabolite Bn-NCC-1 (Lu et al., 1998; Tommasini et al., 1998).  
AtMRP3 has been shown to have a wide spectrum of substrates, such as glucuronated 
17-β-estradiol (Klein et al., 1998), the herbicide metolachlor-GS conjugate, GSH and 
oxidised GSH (GSSG) as well as Bn-NCC-1, with high affinity (Km of 15 µM, 
(Tommasini et al., 1998). AtMRP2 but not AtMRP1 has also been shown to transport 
Bn-NCC-1 in yeast (Lu et al., 1998). Involvement of MRP in chl degradation helped 
to classify this pathway as a detoxification process. In fact, not NCC itself but FCC is 
the natural substrate to be imported to the vacuole (Hinder et al., 1996). RCC, FCC 
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and NCC are sharing similar features in their chemical structure as all are linear plane 
tetrapyrroles, supposing they could all be transported. Depending on the species, 
FCCs are however showing different sets of modifications on their side chains which 
are changing their polarity. MRPs may be involved in vivo in the tonoplastic import of 
FCC and MRP2 is expressed at high level in senescence (Genevestigator). High 
redundancy in transport processes is making single mutant studies difficult, as plants 
might compensate the absence of a single transporter. As a consequence, the in vivo 
vacuolar transporter has not yet been identified. Additional features to the MRP’s 
primary transporter function are the possibility of modulating other transporters, like 
ABCC transporters in human are known to regulate their own activity. HsABCC7, the 
cystic fibrosis transmembrane conductance regulator (CFTR), has a chloride channel 
activity and regulates potassium channels (Gadsby et al., 2006). Likewise, the 
sulfonylurea receptor (SUR, ABCC8) is a regulatory subunit of the ATP sensitive 
potassium channel IKATP, with no transport function being described so far (Vila-
Carriles et al., 2007). In plants, the plasma membrane transporters, AtMRP4 and 5, 
have been shown to regulate guard cell movement by regulating S-type anion 
channels (Klein et al., 2004). 
  
- WBC family (ABCG) 
The Arabidopsis genome contains 28 transporters of the White Brown Complex 
family, characterized by a reverse-oriented domain organisation (Fig. 7). WBCs were 
first identified in Drosophila eyes, where heterodimers of white and scarlet or white 
and brown are responsible for the transport of OH-kynurenine or drosopterine, 
respectively (Mackenzie et al., 2000). WBCs are homologous to the mammalian 
ABCG family, which comprises 5 members. ABCG5/8 heterodimers are responsible 
for sterol uptake (Mannucci et al., 2007), whereas ABCG1 and ABCG4 are 
responsible for cholesterol and desmosterol efflux to high density lipoproteins in the 
brain (Wang et al., 2007). The most studied member, ABCG2, is responsible for drug 
resistance in a lot of cell lines and extruding a variety of substrates (Krishnamurthy et 
al., 2007). Among others, it is able to transport heme, pheide and other tetrapyrroles, 
but not monopyrroles (Krishnamurthy and Schuetz, 2005).  
In Arabidopsis, only three WBC/ABCGs have been described so far, and only one, 
AtWBC12, was shown to transport a natural substrate. The eceriferum 5 (cer5) mutant 
depleted in WBC12 accumulates cytoplasmic laminates, containing long chain fatty 
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acids. Wax components are not able to be secreted and the major wax components 
(alkanes, ketones and alcohols) are missing (Pighin et al., 2004). Recently, a close 
homolog, AtWBC11 has been shown to export wax elements, such as cutin 
(Panikashvili et al., 2007). The phenotype of respective mutants is resembling the 
phenotype seen in cells of humans suffering adenoleukodystrophy (Kemp and 
Wanders, 2007). Another transport activity has been shown for a putative vacuolar 
AtWBC19, involved in kanamycin resistance, as a wbc19 mutant is hypersensitive to 
the antibiotic treatment (Mentewab and Stewart, 2005). This transporter is supposed 
to participate in vacuolar detoxification. Its surprising specificity for kanamycin and 
not for gentamycin or other antibiotics suggested that AtWBC19 might be a helpful 
tool in biotechnology. Indeed, the neomycin phosphotransferase II (nptII) gene used 
in classical kanamycin resistance is derived from a bacterial source and confers 
resistance to many related antibiotics. AtWBC19 might be used as a selectable marker 
for kanamycin resistance, avoiding the danger of horizontal gene transfer of nptII 
(Rea, 2005). Two other WBCs have been partially characterized; the first in cotton 
(Gossypium hirsutum), GhWBC1, a putative plasma membrane transporter of lipids 
necessary for cotton fibre maturation (Zhu et al., 2003); the second in tobacco 
(NtWBC1), which is also suspected to be responsible for lipid trafficking in 
reproductive tissues, such as stigmata and styles (Otsu et al., 2004). To date, most of 
the WBCs described are involved in sterol or lipid translocation, and none of them is 
plastid localized. However, in this study, I describe the first two WBCs (AtWBC23 
and 28) which are plastid localized and may be responsible for FCC export out of the 
chloroplast (see section 6).  
 
Soluble proteins from the NAP family (laf6) have been thought to be involved in 
PPIX trafficking but were eventually shown to be involved in other unrelated 
processes (Xu et al., 2005). Elucidation of porphyrin trafficking in plants is still at its 
beginning and the involvement of different sets of transporters, also those not 
belonging to the ABC family, is likely. The detoxification of chl derivatives is most 
probably a selective advantage for the plant, but the complex issue of redundancy will 
make further studies difficult to achieve.  
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5. Aim of the thesis 
 
During my PhD, I tried to advance our knowledge on several aspects of the chl 
degradation pathway during senescence of higher plants by: 
- identifying a likely transporter for export of pFCC from the chloroplast to the 
cytoplasm 
- describing the regulatory function of the staygreen factor 
- characterizing several other novel aspects of the pathway, such as the 
sensitivity of the PAO/RCCR reaction towards ROS 
These analyses of the pathway provide a substantial improvement of our 
understanding how plants are degrading chl but at the same time raise new issues for 
further work to be done.   
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6. Chlorophyll breakdown : An ABC transporter involved in 
chlorophyll catabolite export from the chloroplast in A. 
thaliana  
 
This chapter is gathering data in the form of an independent paper to be submitted for 
publication to the Journal of Biological Chemistry. 
6.1 Introduction 
 
Chlorophyll (chl) degradation occurs during senescence of higher plants and is a well 
described detoxification process (Matile et al., 1999; Hörtensteiner, 2006). From the 
removal from its apoprotein to the final storage as colourless catabolites in the 
vacuole, chl is taken through a well defined degradation pathway. First, it involves the 
formation of pheophorbide (pheide) by removal of phytol and magnesium by 
chlorophyllase and a metal chelating substance (MCS), respectively. The porphyrin 
macrocycle is then opened by a monooxygenase (PAO) and a reductase (RCCR), to 
yield fluorescent chl catabolite (FCC). Pheide oxygenation results in an intermediate, 
red chl catabolite (RCC), which is directly reduced to primary fluorescent catabolite 
(pFCC). After export from the chloroplasts, pFCC is modified or conjugated in the 
cytosol, and finally accumulates as non fluorescent catabolites (NCCs) inside the 
vacuole (Matile et al., 1988; Hinder et al., 1996). A primary active transport system 
for Bn-NCC-1 has been described in barley vacuoles with a Km of 15 µM. The 
transporter exhibited a surprisingly high affinity for an FCC (Hinder et al., 1996) and 
it could be shown that FCCs are non-enzymatically tautomerized to NCCs inside the 
acidic vacuole (Oberhuber et al., 2003). FCC, RCC and NCC as linear tetrapyrroles 
have a spatial configuration which is almost flat indicating that in vitro all three could 
be accepted as substrate for transport. Although two ABC transporters AtMRP2 and 
AtMRP3 have been shown to transport NCCs in yeast, the exact molecular identity of 
the in vivo vacuolar transporters is still missing (Lu et al., 1998; Tommasini et al., 
1998). The Arabidopsis genome contains 15 MRPs, several of which, like MRP4, 
localize to the tonoplast (Klein et al., 2004) and they might have a redundant function. 
A first transport step for chl catabolites is needed to export FCCs from the chloroplast. 
Export of pFCC and a modified FCC out of isolated barley gerontoplasts is also 
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associated with a primary active process, which has been shown to require MgATP 
hydrolysis (Matile et al., 1992). The nature of the chloroplast exporter is not yet 
known. A knock-out mouse devoid of an ABC transporter of the G family, ABCG2 
(BCRP1), (Krishnamurthy and Schuetz, 2006) has been shown to produce a 
porphyria-like phenotype (Jonker et al., 2002). ABCG2 is one of the most studied 
ABCG transporters and is known to be involved in extrusion out of the cells of a 
diverse set of structurally unrelated xenobiotics and drugs (mitoxanthrone, topotecan, 
camptothecin), as well as sterols and porphyrins (Abbott, 2003; Hardwick et al., 
2007). It is involved in porphyrin homeostasis in erythroid cells and is able to 
transport heme, protoporphyrin IX (PPIX), pheide and other tetrapyrroles, but not 
monopyrroles (Krishnamurthy and Schuetz, 2005, 2006). The mammalian ABCG 
family is comprised of 5 members: ABCG1 and ABCG4 are responsible for 
cholesterol and desmosterol efflux from high density liposomes in the brain (Wang et 
al., 2007), and ABCG5/8 are also involved in sterol homeostasis. These two 
transporters are working as dimers and a defect causes β-systerolemia (Schmitz et al., 
2001; Mannucci et al., 2007). ABCG2-/- mice fed with pheide have been shown to 
develop photosensitive lesions located at the ears, the most light-exposed part of the 
animal. The lesions result from accumulation of pheide-derived products in the blood 
as well as in the bile (Jonker et al., 2002). Moreover, ABCG2-/- mice erythrocytes 
accumulated PPIX, suggesting an additional role of ABCG2 in porphyrin homeostasis 
in erythroid cells.  
As ABCG2 is able to extrude chl-derived porphyrins back into the intestine 
(Krishnamurthy et al., 2007), plant homologs of this transporter namely members of 
the WBC family of transporters are likely candidates for FCC export from the plastid. 
These transporters belong to the superfamily of primary active ABC (ATP Binding 
Cassette) transporters, with 120 ORFs predicted in Arabidopsis (Rea, 2007). They are 
characterized by the association of ATP hydrolysis with a substrate-specific transport. 
An active translocator consists of two transmembrane domains (TMD), each domain 
including 4 to 6 transmembrane helices and two nucleotide-binding folds (NBF), each 
containing Walker A, B and C boxes (Sanchez-Fernandez et al., 2001). Some of the 
ABC transporters gather all the domains in one single peptide, but others, like WBCs 
work as homo- or heterodimers. From the Aramemnon server 
(http://crombec.botanik.uni-koeln.de/) only 13 ABC transporters in Arabidopsis are 
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predicted to be chloroplastic but no chloroplast-associated ABC transporter has 
functionally been characterized yet.  
WBC is the abbreviation of White Brown Complex initially described in Drosophila 
eyes. White and brown dimers transport drosopterine while white and scarlet transport 
3-hydroxykynurenine (Mackenzie et al., 2000). The WBC sub-family is one of the 
largest in Arabidopsis with 28 members (Rea, 2007), but only a few of them have 
been functionally characterized. AtWBC19 was shown to be involved in kanamycin 
resistance by detoxifying the antibiotic to the vacuole (Mentewab and Stewart, 2005; 
Rommens, 2006). An other member, AtWBC12 (eceriferum 5, CER5), located in the 
plasma membrane of epidermal cells, is responsible for the export of wax components 
to the cuticule. Mutants impaired in WBC12 accumulate cytoplasmic laminates of 
long chain fatty acids. Wax components are not able to be secreted and the major wax 
components (alkanes, ketones and alcohols) are missing (Pighin et al., 2004). 
Recently, a close homolog, AtWBC11 has been shown to transport lipids as well and 
participate in wax and cutin secretion (Panikashvili et al., 2007). Cytoplasmic lipid 
accumulation is similar to the phenotype observed in brain and adrenal tissue cells of 
humans suffering adenoleukodystrophy due to a mutation in ABCD1 (Kemp and 
Wanders, 2007). The cotton transporter GhWBC1 (AtWBC11 homolog) has been 
shown to be involved in the elongation of the cotton fibre, is plasma membrane 
located and showed a similar expression as lipid metabolism related genes (Zhu et al., 
2003). The tobacco NtWBC1 (homolog to AtWBC16) is exclusively expressed in 
reproductive organs and contains a putative steroidogenic acute regulatory protein 
signature (START) domain, involved in sterol-dependent transduction pathways (Otsu 
et al., 2004). None of the WBC transporters described so far are localized to the 
chloroplast, and in vivo substrates have not been elucidated, even if an involvement in 
lipid transport has been suggested. Like most of the ABC transporters, members of the 
WBC family might allow translocation of a wide range of substrates (Pighin et al., 
2004).  
In this study, we describe the identification and characterization of a putative half-size 
ABC transporter, namely AtWBC23 involved in chl catabolite export from plastids. 
We base our analysis on the finding that the homologous ABCG2 transporter is 
responsible for chl catabolite detoxification in mouse. AtWBC23 is shown to localize 
to the chloroplast and is expressed in a senescence related manner. When 
heterologously expressed in C2C12 cells, it confers transport of pheide. Finally wbc23 
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knockout lines are delayed in chl breakdown during senescence. We conclude that 
AtWBC23 participates in chl catabolite export from the chloroplast, but most likely 
other transporters are involved in addition.  
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6.2 Materials and methods 
6.2.1 Mouse bile extract analysis 
 
Bile from ABCG2-/- mice fed with synthetic food containing pheide was obtained 
from H. Jonker and A. Schinkel (Amsterdam, The Netherlands). Bile was collected 
according to published methods (Jonker et al., 2002). Bile extracts were diluted in 2 
vol of methanol and centrifuged at 16000 g for 2 min.  The supernatant was analyzed 
by reversed-phase HPLC according to published procedures (Pružinská et al., 2007). 
6.2.2 Plant material and senescence induction 
The Columbia (Col-0) ecotype of Arabidopsis thaliana was used as the wild type. 
Seeds of wbc23 (At5g06530) T-DNA insertion mutants SALK_076250, 
SALK_113844, SALK_024391 named wbc23-1, -2, -3, respectively, were obtained 
from the European Arabidopsis Stock Centre (Nottingham, UK). A T-DNA line of 
wbc28 (At3g52310), GABI_833F02 was obtained from GABI-KAT (Bielefeld, 
Germany) and named wbc28-1. Homozygous lines from segregating populations of all 
lines (Fig. 14A, B) were identified by PCR using following primers : 
- LBa 5’-ATGGTTCACGTAGTGGGCCATC-3’  
- 23RP-1 5’-TAAGGTCACCTCACGGCTCC-3’ 
- 23LP-1 5’-ACCATCCGTACGTAGAAACTG-3’ 
- 23RP2- 5’-ATGTCAATGGAGAAGCCACC-3’ 
- LBGABI 5’-ATTTGGACGTGAATGTAGACAC-3’ 
- 28RP 5’-GCCTCTAGTGCTTCTCTTGGACTA-3’  
- 28LP 5’-GTCACCTTGTATGTGATATCTATG-3’  
wbc23-1 and wbc28-1 knockout lines were used as reference lines for further 
investigations, and the insertion sites were cloned and sequenced (Fig. 14A and B). 
RCCR was silenced in wbc23-1 using pGreen0179 vector containing silencing 
construct for RCCR, according to a published method (Pružinská et al., 2007).  
Plants were grown on soil in long-day (16 h/8 h) or short-day (8 h/16 h) under 
fluorescent light of 60 to 120 µmol photons m-2 s-1 at 22°C. For senescence induction, 
leaves from 3 to 4 week-old (long-day) or 7 week-old (short-day) plants (Fig. 14C) 
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were excised and incubated in permanent darkness (dDD) on wet filter paper for up to 
7 d at ambient temperature.  
6.2.3 RNA isolation and real-time PCR 
RNA was prepared using the Plant RNeasy kit (Qiagen). After DNA digestion with 
RQ1 RNase-free DNase (Promega), 1 µg of RNA was reverse-transcribed using the 
RETROscript kit (Ambion). Quantitative PCR was performed in a LightCycler 
(Roche Diagnostics) using the QuantiTect SYBR Green PCR kit (Qiagen). Ten- to 
100-fold dilutions of first-strand cDNA reaction mixes (corresponding to 0.3–3 ng of 
RNA) were employed in 20 µl reactions and were used to calculate the real-time PCR 
efficiency of each sample. The relative expression ratios of the target gene (WBC23) 
were calculated in comparison to a reference gene (S16). The following specific 
primers were used:  
S16f 5’-GGCGACTCAACCAGCTACTGA-3’ 
S16r 5’-CGGTAACTCTTCTGGTAACGA-3’ 
WBC23f 5’-GTGCCACTCGATGAAG-3’ 
WBC23r 5’-CTAATGTCCGACTGCCA-3’ 
6.2.4 Chlorophyll measurement 
 
Chl was isolated from dark-incubated Arabidopsis by homogenization of leaf tissue in 
liquid nitrogen and subsequent 3-fold extraction into 80% acetone (v/v). After 
centrifugation (2 min, 16000 g) supernatants were combined (Pružinská et al., 2005) 
and chl concentrations were determined spectrophotometrically (Strain et al., 1971).  
6.2.5 Colourless Catabolites 
 
Colourless catabolites were extracted from senescent leaf tissues from Arabidopsis. 8 
leaf discs (1 cm diameter) were extracted with 300 µl of 0.1 M Tris-HCl, pH 
7/methanol  (1:4), filtered through Miracloth paper and centrifuged for 2 min at 16000 
g. The supernatant was transferred in a new tube, mixed with 150 µl of 50 mM 
potassium phosphate buffer pH 7 and separated by reversed phase HPLC. It consisted 
of a C18 Hypersil PDS column (250x 4.6 mm; 5 µm; MZ-Analysentechnik, Mainz, 
Germany), which was developed with a gradient (flow rate 0.5 ml min-1) of solvent B 
46 
(20% (v/v) 50 mM potassium phosphate buffer, pH 7 and 80% methanol) in solvent A 
(50 mM potassium phosphate, pH 7) as follows: 25% to 75% gradient over 60 min, 
75% to 100% over 5 min and 100% solvent B for 5 min. Peak detection was 
monitored with a System Gold 168 photodiode array detector (200-600 nm; Beckman 
Coulter, CA, USA) and a RF-10AXL fluorescence detector (excitation 320 nm; 
emission at 450 nm; Shimazu Corporation, Kyoto, Japan). Analysis of peaks was 
performed with a 32 Karat workstation (Beckman Coulter). Chl catabolites were 
identified by their absorption and fluorescence properties (Hörtensteiner, 2006).  
6.2.6 GFP-fusion protein analysis 
 
A cDNA for AtWBC23 (pda04786) was obtained from the RIKEN resource. Genomic 
full length DNA of WBC28 was obtained by PCR. Genes were PCR-amplified in two 
steps using Pfu polymerase (Promega) thereby adding Gateway adaptors and 
removing the stop codons. A first 15 PCR cycles were performed with the gene-
specific primers consisting of gene sequences and half of the attB recombination sites, 
then the PCR product was re-amplified with an excess of attB1 and 2 primers to 
amplify the full BP recombination sites. 
Following primers were used : 
attB1-WBC23 5’-AAAAAGCAGATGTCAATGGAGAAGCCACC-3’ 
attB2-WBC23 5’-AGAAAGCTGGGTTGTTACGATCTTCATTTGCC-3’ 
attB1-WBC28 5’-AAAAAGCAGGCTATGGGAACCTCATCATCATC-3’ 
attB2-WBC28 5’-AGAAAGCTGGGTAGTTGAAGAGTGGAGCTTC-3’ 
attB1 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCT-3’ 
attB2 5’-GGGGACCACTTTGTACAAGAAAGCTGGGT-3’ 
BP-recombination (Invitrogen) of both genes in pDONR207 was performed following 
the manufacturer’s instruction. After verification by sequencing, LR-recombinations 
(Invitrogen) were done with pMDC84 (Curtis and Grossniklaus, 2003), allowing in 
frame fusion of GFP to the C-termini of WBC23 and WBC28. TIC-110-GFP 
expressed from pCL60-TIC110-GFP was used as a control for chloroplast envelope 
localization (F. Kessler, personal communication).  
Arabidopsis protoplasts were isolated from 3-week old Col-0 plants according to 
Pruzinska et al. (2007) with some modifications. After careful injury of the abaxial 
leaf surface using sandpaper, cell walls were digested for 2 h in 0.5 M sorbitol, 10 
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mM MES-KOH, pH 5.8, 1 mM CaCl2,  0.5% macerozyme and 1% cellulase. 
Protoplasts were liberated and purified on a Percoll density gradient (Hinder et al., 
1996). Cell numbers were quantified with a Neubauer chamber and adjusted to a 
density of 2.107 cells ml-1. Protoplasts were transformed by 20% polyethylene glycol 
(PEG) transformation with 20 µg plasmid according to published procedures (Schenk 
et al., 2007). After removing the PEG by washing two times with W5 buffer (150mM 
NaCl, 125 mM CaCl2, 5 mM KCl, 5 mM glucose, 0.03% MES-KOH (w/v), pH 5.8), 
cells were incubated in W5, for 48 h before laser scanning confocal microscopic 
analysis (Meyer et al., 2006). 
6.2.7 Cloning in mammalian expression vector and transport analysis 
 
WBC23 cDNA (pda04786) was PCR amplified using Pfu polymerase (Promega) with 
following primers:  
ansecF1 5’-GGAATTCTTCAATGGAGAAGCC-3’ 
ansecR2 5’-ATAGTTTAGCGGCCGCTGTTACGATCTTCATTTGCCTTAG-3’ 
Thereby the N-terminal predicted transit peptide ( 77 amino acids) was removed and a 
c-myc tag added to the C-term. After restriction digest, the fragment was cloned into 
EcoRI/NotI digested pSecTag2B (Invitrogen) and the sequence was verified. The 
obtained construct was named p23myc. pSecTag2B allows expression of proteins 
fused at the N-terminus to the murine Ig κ-chain leader sequence for protein secretion.  
C2C12 myoblasts were seeded in 10 cm dishes allowed to be 80% confluent. 24 h 
later cells were transfected with p23myc using Fugene HD (Roche Diagnostics, 
Rotkreuz, Switzerland) according to the manufacturer’s protocol. 24 h post-
transfection cells were typsinized and seeded in 12 well plates at a density of 150000 
cells per well. 48 h post transfection the medium was changed to serum-free 
charcotreated DMEM containing either 20 µM pheide or 20 µM RCC, and incubated 
for 1 h at 37°C. Cells were then washed three times with ice cold PBS and stored at -
80°C. Cells were resuspended in 60 µl methanol and centrifuged 2 min at 16000 g. 
Supernatant was analyzed on reversed-phase HPLC according to published 
procedures (Pružinská et al., 2007). 
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6.3 Results 
6.3.1 Identification of RCC-like chl degradation products in mouse  
 
ABCG2-/- mice were shown to accumulate red compounds in the blood as well as in 
the bile when fed with synthetic food containing pheide (Jonker et al., 2002). Analysis 
of bile extracts by reversed-phase HPLC demonstrated accumulation of one major and 
two minor compounds (Fig. 8A) which exhibited spectra similar to a standard RCC 
from Chlorella protothecoides with absorption maxima at 320 and 485 nm (Fig. 8B). 
No accumulation of these compounds was observed in ABCG2-/- mice fed without 
pheide, suggesting the RCC-like products being derived from pheide. However 
retention times of these MmRCC-like compounds (0*, 1* and 2*) did not correspond 
to any known RCC (Fig. 8A) (Pružinská et al., 2007). The MmRCC-like pigments 
may traffic from the gut to the liver, and then be exported to the gall bladder. Side 
chain modifications such as demethylation or conjugations likely occur in a different 
way in the mouse than in plants. Unfortunately, the structures of the MmRCC-like 
pigments have not been resolved yet by MS, but preliminary MS analysis indicate a 
relation to plant-type RCCs (T. Müller and B. Kräutler, personal communication).  
Further characterization of the structure and analysis of the way these RCC-like 
compounds are formed in ABCG2-/- mice, is on the way. 
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Figure 8. ABCG2-/- mice accumulate RCC-like compounds. A. HPLC traces of bile extracts from 
wild type mouse fed with pheide containing food (line 1). ABCG2-/- mice fed with a synthetic diet 
containing pheide (line 2). The bile extract of ABCG2-/- mouse fed with a pheide-free synthetic diet 
was similar to the WT (data not shown). Synthetic RCC (Kräutler et al., 1997) (line 3) and collected 
medium of C. protothecoides after bleaching (Hörtensteiner et al., 2000) (line 4) were analyzed as 
standards. B. Spectrum of peaks *0, *1 and *2 were similar to standard RCCs. The spectrum of peak + 
corresponds to bilirubin.   
A 
WT + pheide in food 
B 
KO2 + pheide in food 
Synthetic RCC 
C. protothecoides medium  
after bleaching 
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6.3.2 Homologs of ABCG2 in Arabidopsis 
 
ABCG2 has been shown in animals to be able to transport tetrapyrroles, such as 
pheide and PPIX. Plant homologs of ABCG2 may thus be able to transport porphyrins 
as well. We blasted ABCG2 against the Arabidopsis protein database and looked for 
the closest homologs of ABCG2. The first 17 hits all belonged to the ABCG/WBC 
family (Fig. 9).  
In this selected transporter set, we looked for chloroplastic predicted homologs in 
order to identify possible candidates for FCC exporters from the chloroplast. The two 
closest proteins to ABCG2, WBC23 and 28, were both predicted to be localized in the 
chloroplast, with a high consensus score for WBC28 (Fig. 9A). More transporters, 
such as WBC26, 18 and 6 were also predicted to exclusively localize to the 
chloroplast, some others were predicted to localize to both mitochondria and 
chloroplast (WBC12, 15 and 2). The consensus scores shown in Fig. 9A gather 
prediction results from 17 programs (http://crombec.botanik.uni-koeln.de). We 
performed a phylogenetic analysis of the highest blast scored AtWBCs and ABCG2 
protein sequences using the maximum likehood method (Fig. 9B). Seven different 
WBC were clustering together with ABCG2, including WBC23 and 28, which are 
very close related to each other (67% similarity). Protein sequences of these seven 
WBC were aligned using DIALIGN (http://bibiserv.techfak.uni-bielefeld.de/dialign/) 
and Genedoc software (Fig. 10). Besides the significant similarity of all these 
transporters, a major difference separated WBC23 and 28 from the others: the 
presence of a N-terminal extension, which, at least for WBC23, covers the predicted 
chloroplast transit peptide (Fig. 10). 
Concerning the gene structure, two splicing versions have been predicted for WBC23 
in silico, giving rise to two proteins with alternative lengths of either 751 or 691 
amino acids. However the short version is supported by only a single EST sequence 
(EST AI1992988) and might be an artefact. All further experiments and cloning was 
done using a cDNA corresponding to the 751 amino acid version of WBC23.  
 
52 
 
 
 
 
Figure 10. Sequence alignment from AtWBCs clustering with MmABCG2. The 
sequences were aligned using the DIALIGN software. Black shading with white 
letters, grey shading with white letters and grey shading with black letters reflect 80, 
60 and 40% sequence conservation, respectively, with Blosum62 similarity groups 
enabled. Protein sequences were obtained from TAIR (www.arabidopsis.org). Black 
triangles indicate predicted cleavage sites for chloroplast transit peptides in WBC23 
and 28 (http://www.cbs.dtu.dk/services/ChloroP). 
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Figure 11. Sequence alignment of AtWBC23 and 28 with human HsABCG2 and mouse MmABCG2. The sequences were aligned using the 
DIALIGN software. Black shading with white letters, grey shading with white letters and grey shading with black letters reflect 80, 60 and 40% 
sequence conservation, respectively, with Blosum62 similarity groups enabled. Arrows indicate cystein residues responsible for protein stabilization 
in the mammalian transporters (Wakabayashi et al., 2007). Accession numbers : MmABCG2, NP001032555; HsABCG2, AY017168.  
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With good similarity scores to ABCG2 and chloroplastic prediction, WBC23 and 28 
were the best candidates for chl catabolite exporters in the chloroplast. Aligning 
WBC23 and 28 to MmABCG2 and HsABCG2 showed a significant homology, 
especially within the ABC signatures. N-terminal extensions are likely containing the 
chloroplast targeting sequences, despite the questionable prediction from ChloroP 
with respectively 88 and 18 amino acids, against an observed extension of 116 and 
105 amino acids in length in WBC23 and 28 compared to ABCG2 (Fig. 11). WBC26 
is predicted to the chloroplast as well, but is lacking a N-terminal extension, with a 
ChloroP predicted transit peptide of 8 amino acids (data not shown).  
 
6.3.3 WBC23 and 28 localize in the chloroplast 
 
To determine the subcellular localization of WBC23 and 28, we cloned WBC23 
cDNA and a WBC28 genomic sequence into pMDC84 (Curtis and Grossniklaus, 
2003), and thereby fused GFP to the C-termini of both proteins. The constructs were 
transformed into living Arabidopsis protoplasts and analyzed with confocal laser 
scanning microscopy. Both WBC23 and WBC28 showed a clear chloroplastic 
localization confirmed by comparison with the localization of a subunit of the 
translocon of the inner envelope of chloroplasts (TIC110) fused to GFP (Fig. 12). 
However, precise localization of both proteins within the chloroplast was not possible. 
The GFP signals in Fig. 12 indicate a localization of WBC23 and WBC28 in the 
envelope, but the picture is less clear than for TIC110. Marked differences in plastid 
shape are due to different growth conditions. Repetition of this experiment is on the 
way to get more homogenous pictures. Western blotting of transiently transformed 
protoplasts using anti-GFP antibodies (Sigma) confirmed the presence of the 
expressed fusion proteins (data not shown). Together with the predictions and 
alignments, the GFP data clearly indicate that AtWBC23 and 28 are both located in 
the chloroplast.  
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Figure 12. AtWBC23:GFP and AtWBC28:GFP are targeted to chloroplasts. 
Transient expression in Arabidopsis protoplasts of GFP fused in frame to the C-term 
of full-length AtWBC23 or AtWBC28. TIC110-GFP was used as control for targeting 
to the envelope of the chloroplast. GFP (green, lane 1) and chl autofluorescence (red, 
lane 2) were examined by laser scanning confocal microscopy. Merge of GFP and 
autofluorescence (lane 3) and bright field images (line 4). Bar length, 10 µm.  
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6.3.4 WBC23 is senescence-specifically expressed 
 
Microarray data available from the Genevestigator database (Zimmermann et al., 
2004) showed increased expression of both WBC23 and 28 in senescent leaves, 
cauline leaves and sepals compared to other tissues, as well as an overall upregulation 
of these two genes during senescence. Real-time PCR analysis on dark incubated 
detached leaves confirmed an approximately 5 fold increase in WBC23 expression, 
compared to the housekeeping gene S16 between 0 and 9 d in the dark. Similar results 
were found in senescing attached leaves, where the senescence state had been 
evaluated on the basis of chl content of the leaves (Fig. 13A). When analyzing the 
Genevestigator data, PAO showed similar expression to WBC23 during the whole life 
span and both genes were expressed mainly in senescent and cauline leaves as well as 
in the sepals (Fig. 13C, D). Expression of WBC23 in different tissues was assessed by 
real-time PCR. It was mainly expressed in green tissues with highest expression in the 
stem. Compared with WBC23, WBC28 was expressed in much lower amounts and no 
clear data could be obtained in real-time PCR experiments. Genevestigator data 
confirmed our observation showing an extremely low expression (2000x less) of 
WBC28 in comparison to WBC23 (Fig. 13C, D). Altogether, the expression analysis 
shows that WBC23 is a senescence activated gene, which is specifically expressed in 
organs where chl degradation occur, indicating a putative function in this processes. 
Furthermore, it shows a good correlation to PAO expression.  
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Figure 13. WBC23 is upregulated during senescence and expressed in green 
tissues. A. Real-time PCR analysis of cDNA from detached leaves incubated in the 
dark for 0, 3, 6 and 9 days. Alternatively, senescing attached leaves were used and 
senescence quantified in relation to the chl content. All data are normalized to S16 
expression. Data are mean of a single representative experiment with six replicates. 
Error bars indicate SD. B. Different tissues were analyzed the same way. Leaf 
material used corresponded to the 0 dDD sample of panel A. C. Expression profiles of 
WBC23, WBC28 and PAO during the life span of Arabidopsis. D. Expression profile 
of WBC23, WBC28 and PAO in different organs. Data from Genevestigator 
(Zimmermann et al., 2004). 
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6.3.5 wbc23 mutants are delayed in chl degradation 
 
Insertion mutants for WBC23 and WBC28 were obtained from different sources (Fig. 
14C), and the insertions of wbc23-1 and wbc28-1 confirmed by sequencing. The T-
DNA in wbc23-1 is inserted in the first intron, just after the first exon (Fig. 14A). 
wbc23-2 and -3 insertions were not sequenced, but are predicted to be, respectively, at 
the same site as in the wbc23-1 and in the middle of the first exon. The wbc28-1 
insertion was sequenced and is located at the beginning of the second intron (Fig. 
14B).  
As many ABC transporter mutants, WBC23 and WBC28 T-DNA insertion lines had 
no obvious phenotype under normal growth condition (Rea, 2007). Surprisingly 
leaves of wbc23-1, -2 and -3 mutant lines incubated in the dark showed a partial 
retention of chl. This phenotype was identical in all three wbc23 alleles and wbc23-1 
was exclusively used for further studies. This delay in chl degradation was transient 
and retention of chl was almost not observable after 7 dDD (Fig. 14C). In contrast to 
wbc23 lines, there was no delay of chl breakdown in wbc28-1 (Fig. 16A). To confirm 
absence of respective transcripts in the mutants, expression of WBC23 and WBC28 
was assessed by semiquantitative RT-PCR in wbc23-1 and wbc28-1 after 5 d of dark 
induced senescence (Fig. 15). ACT2 expression was used as a control.  
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Figure 14. AtWBC23 mutants are delayed in chl degradation. A. Gene structure of Atwbc23 
(At5g06530) showing the T-DNA insertion sites of the three lines studied and primers used for 
isolation of homozygous lines. B. Gene structure of Atwbc28 (At3g52310) showing the insertion site of 
wbc28-1 and primers used for homozygous isolation. C. Leaves of dark incubated wbc23 lines showing 
a transient retention of chl during senescence. Plants were grown under short day condition (8/16 h, 
under fluorescent light 100 µmol photon m-2 s-1) during 7 weeks.  
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WBC23 and WBC28 showed 67% similarity, and were both localized to the 
chloroplast. Due to the possibility of redundant functions, we crossed wbc23-1 with 
wbc28-1 to obtain the double mutant wbc23-1 28-1. Expression of wbc23 and wbc28 
was analyzed by RT-PCR  to confirm absence of both genes (Fig. 15). Unfortunately, 
the double mutant did not show a more significant chl retention than the single mutant 
wbc23-1. Thus, WBC28 might contribute to the retention of chl but its activity seems 
negligible.  
Degradation of chl was monitored and quantified during senescence (Fig. 16B). Chl 
retention was observable in wbc23-1 at 3 dDD and 5 dDD with around 15 µg chl/leaf 
disc compared to a degradation in Col-0 down to 5 µg chl/leaf disc. The same chl 
degradation pattern as for wbc23-1 is observed in the double mutant, with no 
particular effect of WBC28 absence. In fact, wbc28-1 degraded chl in the same rate as 
Col-0. After 7 dDD, however, wbc23-1 and the double mutant line showed an almost 
complete chl degradation with less than 3 µg chl/leaf disc which was indistinguishable 
from Col-0 (Fig. 16B). This transient chl accumulation suggested the presence of  an 
alternative transport process of perhaps lower affinity, which might overcome 
WBC23 absence and detoxify FCCs as well. Accumulation of NCCs correlated to the 
degradation of chl, with a slower accumulation in wbc23-1 at 5 dDD, with 0.9 nmol 
NCCs/leaf disc compared to 1.8 nmol NCCs in the wild type (Fig. 16C). Taken 
together all this data showed an important function of WBC23 in chl catabolite 
breakdown, most likely as an exporter of chl catabolites from the chloroplasts. A 
minor role might be played probably by its close relative, WBC28. In rice, no 
ortholog of WBC28 seems to exists, and a rather late gene duplication might explain 
the close homology of these two proteins in Arabidopsis.  
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Figure 15. Semiquantitative analysis of expression of WBC23 and WBC28.   
Confirmation of absence of expression in leaves of insertion incubated 5 dDD was 
performed by RT-PCR with a non saturating number of cycles as shown at the right. 
ACT2 expression was used as a control.   
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Figure 16. AtWBC23 contributes to chl degradation. A. Phenotype of leaves of 
WBC23 and WBC28 single and double knockout lines after 5 d of dark induced 
senescence. B. Degradation of chl in Col-0 (dark), wbc23-1 (dark grey), wbc28-1 
(light grey) and wbc23-1 28-1 (white) during the course of detached leaf senescence. 
Data are means of a single representative experiment with three replicates. Error bars 
indicate SD. C. Accumulation of NCCs during detached leaf senescence in Col-0 and 
in wbc23-1. Results of a single representative experiment are shown. Data are means 
of three replicates. Error bars indicate SD.  
 
 
 
 
 
 
Figure 17. AtWBC23 imports RCC and pheide when expressed in C2C12 muscle 
cells. RCC and pheide cell contents were measured by HPLC. Empty vector was used 
as a control. Pheide data are means of five replicates. RCC data are means of 
duplicate. Error bars indicate SD. 
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6.3.6 AtWBC23 is a tetrapyrrole transporter  
 
WBC transporters reported so far transport either long chain fatty acids (LCFA) and 
sterols (WBC11 and 12), or xenobiotics, like kanamycin (WBC19) (Pighin et al., 
2004; Mentewab and Stewart, 2005). For this reason we analyzed lipid contents in the 
wbc23-1 mutant. No changes were detected in fatty acid, tocopherol or phylloquinone 
contents compared to the wild-type (data not shown). If WBC23 is involved in lipid 
metabolism, its absence does not change the overall lipid content of the plant.  
AtWBC23 was heterologously expressed in C2C12 muscle cells using pSecTag2B 
allowing targeting of WBC23 to the plasma membrane. Surprisingly, an 
overaccumulation of pheide and RCC was observed after incubation with 20 µM of 
substrate. This would suggest that C2C12 cells expressing WBC23 import 
tetrapyrroles, in contrast to the already observed export activity of ABCG2 
overexpressing cells (Jonker et al., 2002). The vector used to target WBC23 to the 
plasma membrane is targeting the transporter via the endoplasmic reticulum, and such 
synthesis process might change the topology of the transporter. It is known that 
incorrectly expressed ABC transporters might in some case act as flipase-like 
transporters rather than as active transporter (K. Locher, personal communication). 
Inhibiting the observed transport activity using specific inhibitors for ABC 
transporters, such as vanadate, could help to better characterize the observed 
translocation. Work is in progress to confirm this WBC23 mediated transport activity.  
Moreover, to complete this approach, we are producing WBC23 mutants silencing 
RCCR. RCCR silencing lines are known to accumulate RCC in large amounts 
(Pružinská et al., 2007) in the chloroplast, but also in the cytoplasm. If WBC23 is 
responsible for RCC export from the plastid in this case, one would expect to find less 
RCC outside the chloroplast in a wbc23 background. Further work on these lines will 
confirm the in vivo participation of WBC23 as an active tetrapyrrole transporter for 
chl breakdown. 
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6.4 Discussion 
6.4.1 Accumulation of RCC-like chlorophyll catabolites in mouse 
 
Mice depleted in an ABC transporter, ABCG2 (BCRP1) have been shown to 
accumulate in their blood and bile large amounts of pheide when fed with chl 
containing diet. This accumulation leads to a “porphyria” like phenotype, with 
phototoxic lesions of most light-exposed organs, like the ears (Jonker et al., 2002). 
Surprisingly, no porphyria in human has been reported to date corresponding to an 
ABCG2 defect (Krishnamurthy and Schuetz, 2006). Fed with pheide, mice were no 
longer able to detoxify the porphyrin back into the gut and accumulated chl 
derivatives in their body. The mechanisms by which pheide is incorporated as well as 
its conversion to a linear RCC is still unknown. However ABCG2 has been shown, 
among a diverse set of substrates to also transport pheide (Robey et al., 2004; 
Krishnamurthy and Schuetz, 2005). Investigations of ABCG2-/- mice revealed 
accumulation of pheide both under treatment with synthetic food containing pheide 
and when fed with natural food, containing chl. The mechanism of conversion of chl 
to pheide is not known, but unspecific oxidative reactions might be involved. Pig liver 
esterase has been shown to hydrolyze C17 esters of porphyrins (RCC) (Kräutler et al., 
1997) and dechelation of Mg most likely occurs during the digestion process in the 
acidic stomach. Thus, pheide should be one of the natural substrates of ABCG2 in the 
gut, allowing its detoxification from the body. Incorporation of chl or chl catabolites 
in mouse gut might be compared to incorporation of heme (Fig. 17). A large part of 
iron uptake in mouse occurs in the duodenum via direct heme incorporation by a 
facilitator (HCP1) (Shayeghi et al., 2005; Latunde-Dada et al., 2007). Incorporated 
heme is further translocated to the blood or converted to free iron and biliverdin (BV) 
by heme oxygenase. Free iron is transported to the blood by ferroportin (FPN1), but 
data are missing concerning the fate of BV.  
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Figure 18. Schematic representation of heme and chlorophyll uptake in mammal 
intestine. Heme is taking up by HCP1 and cleaved into biliverdin by heme 
oxygenase. The iron is then imported into the blood by ferroportin (FPN1). Further 
degradation of biliverdin is not reported. Chl derivatives are imported by the gut cells 
by an unknown mechanism. Pheide is exported to the lumen via an active ABC 
transporter ABCG2. Modified from Latunde-Dada et al, 2006.  
 
 
Absence of ABCG2 in the mouse gut led to accumulation of pheide in abnormally 
high concentration indicating that ABCG2 is responsible for the extrusion of pheide 
from the body. Pheide non-extrusion causes its accumulation in the blood, probably in 
the liver, as well as in the gall bladder. Thereby the bile colour changes dramatically 
from yellow in wild type to red in ABCG2-/- mice. Here we show that this colour is 
due to an accumulation of RCC-like compounds, most probably derived from pheide 
(Jonker et al., 2002). Pheide might be degraded by porphyrin ring opening in the liver 
through unspecific oxygenases but this hypothesis has so far no experimental basis. It 
is rather unlikely that this degradation reaction is due to a physiologically relevant 
mechanism, as pheide should not accumulate in significant amounts when ABCG2 is 
normally expressed. It might be possible that pheide is metabolized by chelation of 
iron, and subsequent opening of the porphyrin ring by heme oxygenase, i.e. similar to 
the conversion of heme to BV. Experiments in this direction might reveal a possible 
unknown function of the heme oxygenase in a pheide detoxification process. In 
analogy to the heme-BV conversion, one could expect opening of the porphyrin ring 
at the α-methine bridge. In contrast to PAO-catalyzed pheide ring opening, this might 
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lead to the loss of the C6 methine carbon, giving rise to a RCC with slightly different 
polarity than all known plant RCCs (Fig. 8). Further resolution of the MmRCC-like 
structures by MS and NMR are required for confirming this hypothesis.  
In plants, RCC-related compounds are naturally not occurring, but are further reduced 
by RCCR to pFCC (Pružinská et al., 2007). Further degradation of MmRCC-like 
compounds to fluorescent catabolites or even non fluorescent catabolites was not 
observed in ABCG2-/- mice. This is not surprising, as animals do not need such a 
process if the ABCG2 primary detoxification is working normal. However, in 
Chlorella prothotecoides, RCC is not further degraded but simply excreted, 
suggesting that degradation beyond RCC is not a mandatory step in chl degradation 
(Hörtensteiner et al., 2000). MmRCCs accumulating in the bile most probably have 
photosensitive properties, and depending where they accumulate, they might 
contribute to the porphyria-like phenotype. Accumulation of RCC-like compounds in 
the bile of ABCG2-/- mice might suggest that RCC would also be a possible substrate 
of ABCG2 in the gall bladder.  
In a clinical context, consequences of a porphyria linked to ABCG2 variants, or 
consequences of the absence of this major xenobiotic detoxifier are not fully 
understood (Krishnamurthy et al., 2007; Tamura et al., 2007).    
6.4.2 Chl breakdown needs a pFCC exporter at the chloroplast envelope 
 
Degradation of chl studies have shown accumulation of final catabolites, NCCs, in the 
vacuole. Vacuolar disposal is a known mechanism in detoxification processes but also 
highlight the requirement for two transport processes at the envelope of the 
chloroplast and at the tonoplast. Members of the WBC family in Arabidopsis are the 
closest relatives to ABCG from mouse and phylogenetic comparison of ABCG2 
sequences showed a clustering of ABCG2 with WBC23 and 28 (Fig. 9B). As ABCG2 
is able to transport chl derived pigments, WBC23 and 28 might have a similar 
activity. Moreover, WBC23 and 28 exhibited some similarity to a bacterial hexameric 
ABC transporter BtuCD which also transports a porphyrin, vitamin B12 (Hvorup et 
al., 2007).  
WBC23 KO mutants were delayed in the degradation of chl during senescence. NCCs 
accumulated more slowly in wbc23 than in wild type, suggesting a partial impairment 
of a transport process of chl catabolites. Since WBC23 was localized to the 
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chloroplast, likely at the envelope membrane, it is involved in catabolite export out of 
the chloroplasts. Unfortunately, in wbc23-1 the overall chl degradation pathway was 
only temporarily impaired and at later stage of senescence (7 dDD) no differences in 
chl contents were visible anymore. WBC23 is likely an important chl catabolite 
transporter at the envelope but surely not the only one. The closest related member of 
the family, WBC28 does not seem to be involved in this process, even if localized in 
the chloroplast as well. Also in a wbc23 28 double mutant WBC28 does not have an 
additive effect to the transient chl retention seen in the wbc23 single mutant. Notably, 
the low expression of WBC28 in leaves, may explain absence of any detectable 
function for this transporter. However, WBC28 would have been a good candidate for 
heterodimerisation with WBC23. Other WBCs such as WBC26 predicted to be 
chloroplast localized (Aramemnon database) and senescence induced (Zimmermann 
et al., 2004) might be also involved in pFCC export. Unfortunately a wbc26-1 
(SALK_128873) homozygous insertion mutant did not show any phenotype related to 
senescence (data not shown). Other primary active transporters might be involved in 
catabolite export as well. Of the 120 ABC transporters found in Arabidopsis, several, 
such as WBC6, 18 26, TAP1, PDR8, ATH8, 12, 13 and GCN1, 2 5 (ChloroP 
prediction) are predicted to localize to the chloroplast. Since redundancy of activity 
has been shown in many cases, it is likely to assume that transporters more distinct 
from WBCs might take over chl catabolite export function in the absence of WBC23.  
6.4.3 WBC23 transport activity and potential other orthologous 
transporters 
 
Attempts to express AtWBC23 in an heterologous system have been an extremely 
difficult task. No expression could be obtained either in embryonic hamster kidney 
(HEK) cells or in yeast. Several versions with or without the N-terminal extension of 
WBC23, and tagged versions of the protein have been tested in both systems without 
any success (data not shown). This difficulty of expression is a feature already 
described for the WBC-related full length PDR family. Indeed, yeast PDR5p has been 
shown to be a relatively short-lived protein subjected to ubiquitination and vacuolar 
proteolysis (Egner and Kuchler, 1996). The only case where enough expression was 
obtained to perform transport experiments was in C2C12 muscle cells transfected with 
c-myc tagged WBC23 targeted to the plasma membrane of the cells through the ER. 
We have shown this way that WBC23 is a possible translocator able to transport 
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pheide and RCC, but not Cj-NCC-1. This is the first indication of a WBC function in 
vitro. Despite, important control experiments are yet required to confirms the 
transport activity as primary active transport. Here we have shown that WBC23 in 
vitro is able to transport synthetic RCC and pheide, but the predicted substrate for 
chloroplast export is FCC (Matile et al., 1992). This raises the question of the 
specificity of transport. In the pao1 mutant, where large amounts of pheide are found, 
no pheide is detected outside the chloroplast during senescence (S. Aubry and S. 
Hörtensteiner, unpublished results) suggesting a rather defined specificity of the 
transporter. On the other hand, acd2-2 depleted in RCCR and thus accumulating RCC, 
RCCs as well as further catabolites, such as NCCs are found outside the chloroplast 
(Pružinská et al., 2007) indicating that RCC is exported in this case. This might be 
explained by the similar planar conformation of RCCs and FCCs. In a similar 
situation in Chlorella, only RCC-like catabolites with an opened porphyrin ring are 
exported out of the chloroplast and the cell (Hörtensteiner et al., 2000) but not pheide 
(S. Hörtensteiner, personal communication). Thus, in plants efficient transport of chl 
catabolites seems to require an opened porphyrin ring. Pheide transport shown in vitro 
questions the relevance of such experiments. However, when expressed in C2C12 
cells WBC23 seems not to be able to transport NCC, suggesting some limitation in the 
substrate spectrum. 
During plant development, FCCs are not the only porphyrins for which export out of 
the chloroplast is required. In green tissues, topology and localization of chl and heme 
metabolic enzymes suggest the presence of different exporters (Tanaka and Tanaka, 
2006). Indeed, early steps of biosynthesis of heme and chl are common, and a heme 
precursor, probably CPIII, is translocated to the mitochondria. Plastid to nucleus 
signalling might also involve a PPIX export (Tanaka and Tanaka, 2006; Ankele et al., 
2007). The exact nature of the export process(es) are still missing, and identification 
of transporters for chl derivatives was one of the main objectives of this work. A 
linear tetrapyrrole transporter is moreover needed for the export from the chloroplast 
of phytochromobilin as the co-factor needed for phytochrome biosynthesis (Terry et 
al., 2002). WBC23 might be involved in one or several of these transport activities, 
however WBC23 expression is low before senescence (Fig. 13A). Systematic 
characterization of all primary active chloroplastic transporters might be a way to 
obtain a more complete picture of chl and heme metabolite trafficking.  
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In summary, it can be concluded that WBC23 is a major exporter of chl catabolites 
out of the chloroplast during senescence. For the moment we cannot rule out an 
involvement of WBC23 in the export of other porphyrin or tetrapyrrole metabolites, 
or of other degradation products occurring during chloroplast dismantling, such as 
nitrogen containing molecules resulting from protein degradation. 
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7. Staygreen factor characterization in Mendel’s I pea 
7.1 From crop to model to crop: identifying the genetic basis of the 
staygreen mutation in the Lolium/Festuca forage and amenity 
grasses 
 
Ian Armstead, Iain Donnison, Sylvain Aubry, John Harper, Stefan Hörtensteiner, 
Caron James, Jan Mani, Matt Moffet, Helen Ougham, Luned Roberts, Ann Thomas, 
Norman Weeden, Howard Thomas, Ian King.  
 
 
 
 
 
 
Reprinted from: New Phytologist (2006) 172: 592-597 
 
 
Genetic identification of the SGR (Y) gene was published in two papers, one 
concerning the identification in Festuca/Lolium and a second describing the mapping 
of SGR in Pisum (see following section).  
The Festuca Bf993 mutation responsible for the staygreen phenotype had been 
introgressed into Lolium. Due to high synteny of the rice and the Lolium genomes and 
exploiting Genevestigator microarray data, one possible candidate gene, responsible 
for the staygreen phenotype could be identified. In staygreen lines of Festuca and 
Lolium, this gene had a frameshift mutation, disturbing the amino acid sequence in 
highly conserved regions of SGR protein from different species. This paper sets a 
major step for understanding the Y/SGR mechanism and biochemistry in relation to 
chl breakdown.  
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7.2 Cross-species identification of Mendel’s I locus 
 
Ian Armstead, Iain Donnison, Sylvain Aubry, John Harper, Stefan Hörtensteiner, 
Caron James, Jan Mani, Matt Moffet, Helen Ougham, Luned Roberts, Ann Thomas, 
Norman Weeden, Howard Thomas, Ian King.  
 
 
 
 
Science.315, 78. 2007 
 
Reprinted from: Science (2007) 315, 73 
 
In this Brevia, it is shown that the SGR locus identified in Festuca pratensis is the 
same as the Pisum I locus used by Gregor Mendel for describing the genetic laws of 
heredity. Confirmation of the SGR function has been achieved by silencing an SGR 
ortholog in Arabidopsis thaliana, leading to staygreeness of the leaves during 
senescence. This publication identified the third out of seven loci Mendel was using 
for his studies. 
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7.3 Stay-green protein, defective in Mendel’s green cotyledon mutant, 
acts independent and upstream of pheophorbide a oxygenase 
pathway in the chlorophyll catabolic pathway 
 
Sylvain Aubry, Jan Mani, Stefan Hörtensteiner 
Reprinted from Plant Molecular Biology,  published on-line February 2008 
 
 
 
In this study, we characterized the SGR mutation in Pisum and obtained more 
information on the biochemical function of SGR factor in relation to degradation of 
chl. Characterizing the staygreen Pisum line JI2775, as well as different sets of 
transgenic Arabidopsis, we tried to understand the molecular basis of the staygreen 
phenotype of those lines. In contrast to most of the literature published to date on 
SGR, we confirm that SGR does not act as a PAO regulating factor, but rather as an 
upstream element regulating of degradation of the photosystems. 
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7.4 Additional non published experiments on SGR 
 
Despite our and other researchers efforts to characterize pea, rice and Arabidopsis 
lines, SGR function remains unclear. Since SGR was shown to bind LHC subunits 
(Park et al., 2007), it was suggested that SGR is involved in dismantling chl 
apoprotein complexes. In this chapter I describe an experiment performed to also 
identify hypothetical partners of SGR in vivo via tandem affinity purification (TAP). 
Briefly, SGR was cloned and stably transformed in Arabidopsis with several tags 
allowing a multistep purification of in vivo interacting partners. Unfortunately, only 
preliminary results are shown here and further efforts will be needed to identify SGR 
interacting partners.   
7.4.1 TAPa construct generation 
 
Prior to cloning into the pC-TAPa and pN-TAPa plasmids (Rubio et al., 2005), 
AtSGR cDNA (Aubry et al., 2008) was PCR-amplified using partial attB sequence 
containing primers and cloned into the pDONR 207 plasmid using the gateway BP 
reaction (Invitrogen). Full length SGR was amplified and cloned into pC-TAPa (Fig. 
19B), and cDNA depleted in the predicted chloroplast transit peptide was cloned into 
pN-TAPa containing the RubisCO small subunit (RBCS) transit peptide N-terminal of 
the tags (Fig. 19A). The pN-TAPa cloning site is not in-frame with the two lysine 
codons (AAA–AAA) in the upstream attR1 sequence; it is misplaced by 2 bp (CAA–
AAA–AGC). Therefore, to keep the frame, two pENTRY vectors (Invitrogen) had to 
be designed, the insets of which were sequenced for confirmation. The transfer of 
genes from the ENTRY vectors to the corresponding TAPa vectors was performed 
using the LR reaction (Invitrogen). A plasmid containing RBCS-GFP as a control 
(Fig. 19C) was kindly provided by U. Eckhard (Humbold University, Berlin). 
Following primers were used: 
attB1-NTAP 5’-AAAAAAGCAGGCTAATGTGTAGTTTGTCGGCGATTATG-3’ 
attB2-NTAP 5’-AGAAAGCTGGGTAGAGTTTCTCCGGATTTGG-3’ 
attB1-CTAP 5’-AAAAAAGCAGGCTAGCAAGGTTGTTTGGACCGGCG-3’ 
attB2-CTAP 5’-AGAAAGCTGGGTACTAGAGTTTCTCCGGATTTGG-3’ 
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Figure 19. Constructs used for TAPa analysis. A. SGR without its predicted transit 
peptide was cloned to the pN-TAPa vector, adding the RBCS chloroplast targeting 
signal and three tags, IgG-BD, 6xHis and 9xmyc, N-terminal to SGR. B. SGR full 
length cDNA was cloned into pC-TAPa with the tag cassette C-terminal to the 
protein. C. As a control GFP cloned into pN-TAPa was used. All constructs were 
under the control of the 35S promoter (2x35S::TMVU1 Ω) and contained a 3C 
protease cleavage site (3C).  
7.4.2 TAPa purification procedure 
 
Purification was performed according to Rubio et al. (2005) with some modifications,. 
C-TAPa-SGR lines (15 g fresh weight) were ground in liquid nitrogen, thawed in 2 
volumes of extraction buffer (50 mM Tris–HCl pH 7.5, 150 mM NaCl, 10% glycerol, 
0.1% Nonidet P-40, 1 mM PMSF, and 1x complete protease inhibitor cocktail, 
Roche), filtered through four layers of cheesecloth, and centrifuged at 12000 g for 10 
min at 4°C. The protein concentration in the supernatant was determined by Bradford 
assay (Bio-Rad). Extracts containing similar amounts of total protein were incubated 
with 500 µl IgG beads (Amersham Biosciences) for 2 h at 4°C with gentle rotation. 
After centrifugation at 150 g for 3 min at 4°C, the IgG beads were recovered and 
washed three times with 10 ml of washing buffer (50 mM Tris–HCl pH 7.5, 150 mM 
NaCl, 10% glycerol, 0.1% Nonidet P-40) and once with 10 ml of cleavage buffer (50 
mM Tris–HCl pH 7.5, 150 mM NaCl, 10% glycerol, 0.1% Nonidet P-40, 1 mM 
DTT). Elution from the IgG beads was performed by incubation with 50 µl (100 units) 
of 3C protease (Prescission protease; GE Healthcare) in 5 ml of cleavage buffer at 
4°C with gentle rotation. Supernatants were recovered after centrifugation at 150 g for 
3 min at 4°C and stored. The IgG beads were washed with 5 ml of washing buffer and 
centrifuged again. Supernatants were recovered and the eluates pooled. Pooled eluates 
were loaded onto a 1 ml Hi-trap column (GE Healthcare) equilibrated with washing 
buffer (50 mM Tris–HCl pH 7.5, 150 mM NaCl, 10% glycerol, 0.1% Nonidet P-40). 
The flow through was again loaded onto the column. After washing the column with 
A 
B 
C 
pC-TAPa-SGR 
pN-TAPa-SGR 
pN-TAPa-GFP 
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30 ml of washing buffer, elution was performed using each 5 ml of imidazole-
containing buffer (50 mM Tris–HCl pH 7.5, 150 mM NaCl, 10% glycerol, 0.1% 
Nonidet P-40 and 10, 50 or 150 mM imidazole). All purification steps were carried 
out at 4°C. Proteins in each fraction (except total plant extracts) were concentrated 
using STRATARESIN (Stratagene) and separated on a 12% SDS-PAGE gel. Protein 
bands were visualized, independently, by immunoblotting using c-myc antibodies and 
by silver staining according to published procedures (Mortz et al., 2001). Silver-
stained gels were cut into pieces and trypsinised using (1:50) potein:trypsin (Sigma) 
(Mortz et al., 2001). MS-MS analysis was performed in collaboration with S. 
Baginski (ETH Zürich).  
 
Figure 20. Description of the TAPa system applied for SGR partner identification. 
Incubation of a protein extract with IgG beads allows the tagged protein to bind with potential 
partners. Subsequent digest of the first tag (IgG binding domain) by a specific 3C protease 
allows enrichment of bait-pray complexes in the eluate. A second purification step is 
performed using the hexa-histidine tag thereby binding a nickel column, and eluting with 
imidazole. The final eluate is collected and further analyzed by MS-MS. From Rubio et al., 
2004. 
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7.4.3 Results 
 
Stable transgenic Arabidopsis lines were produced overexpressing the three different 
constructs under the control of the 35S promoter (Fig. 19). By immunoblotting, all 
lines were confirmed to expressed the tagged proteins. Fig. 21 shows data only for a 
line containing construct pC-TAPa-SGR and further characterization has only 
performed with this line.   
 
Figure 21. Tandem affinity purification profile of a pC-TAP-SGR line. A. 
Western blot using anti-c-myc antibodies show tagged SGR proteins. L, load on IgG 
beads; F, flow through; LNi, load on Ni column; E10.2, elution at 10 mM imidazole; 
E50.1-4, elution at 50 mM imidazole, E150.2-3, elution at 150 mM imidazole. B. 
Corresponding fractions on SDS-PAGE stained by Blum silver staining.  
 
Partial purification of SGR protein partners was performed by tandem affinity 
purification (TAP) using IgG-sepharose beads and a Ni column. Western blots using a 
monoclonal anti-myc antibody revealed the overexpressed protein in the plant extract 
used for loading on the beads at 59 kDa, corresponding to the size predicted without 
transit peptide. After incubation with 3C protease, the size was reduced to 43 kDa, 
indicating the loss of the IgG binding site. Enrichment of tagged SGR along the Ni 
purification process showed maximum elution of the protein at 50 mM imidazole 
(Fig. 21). It was assumed that SGR partners would be co-purified and isolated with 
these fractions. Thus, fractions E50.1-3 were subsequently concentrated and loaded on 
SDS-PAGE for size separation. The gel was stained by silver staining, and slices cut 
A 
B 
59 KDa 
43 KDa 
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and trypsinised. After elution, peptide mixes were analyzed by MS-MS for protein 
identification (Table 1). Unfortunately the bait itself was not identified in the MS 
analysis, even though Western data clearly showed presence of the tagged protein in 
the analyzed mixture. If potential SGR partners bound to SGR in an equimolar ratio, 
they will probably have escaped detection as well. Running of the GFP control 
through the same purification process and repetition of the purification with improved 
conditions are required for a correct analysis of SGR partners. We might speculate 
about an interaction of SGR with PSBb and PSBc found in the TAP experiment. Both 
proteins are known to bind chl, but true interaction will have to be confirmed by 
alternative methods, such as co-immunoprecipitation. 
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Table 1. Proteins identified by MS-MS after TAP processing. 13 different proteins 
were found in the purified eluate that could include SGR partners. Tagged SGR itself 
was not identified. Repetition and improvement of the purification may allow clearer 
results in the future.  
 
Proteins identified by MS AGI number Peptides 
47 kDa psbB  Atcg00680 1 
44 kDa psbC  Atcg00280 4 
RCActivase  At2g39730 1 
ATPase F1  Atcg00480 1 
RubisCO large subunit Atcg00490 6 
Myrosinase binding prot  At3g16470 4 
Tu transcription elongation factor  At4g20360 3 
ATP synthase beta  Atcg00480 3 
probable mito peptidase  At3g02090 1 
endoglucanase  At4g02290 1 
aldehyde deshydrogenase  At1g44170 1 
syntaxin  At1g32270 1 
UTP-glc P uridyl transferase  At3g03250 1 
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7.4.4 SGR overexpressing lines show sensitivity to biotic and abiotic stress 
 
The transgenic lines overexpressing the full-length SGR tagged at the C-term 
(pCTAPa-SGR), showed an interesting phenotype. When leaves got older or were 
exposed to pathogens, they locally developed necrotic lesions phenotypically similar 
to the hypersensitive response (HR) (Fig. 22A; L. Mur and H. Ougham, personal 
communication). This interesting finding correlated with higher expression of SGR 
under biotic stress, specifically with pathogens which induce HR in a light-dependent 
manner (Fig. 21B, Genevestigator data). SGR might have a function in triggering HR 
and further characterization of this line is in progress (H. Ougham and L. Mur, 
Aberystwyth. UK).   
 
 
Figure 22. A. Constitutive overexpression of SGR provokes light-induced lesions. 
B. SGR expression is increased by pathogen treatments (Genevestigator data).  
7.4.5 Conclusion 
 
Within chl breakdown research, studying SGR factor is an amazingly dynamic niche 
with six publications since November 2006 (Armstead et al., 2006, 2007; Jiang et al., 
2007; Park et al., 2007; Ren et al., 2007; Sato et al., 2007), but unfortunately without 
unequivocally having unravelled its physiological function yet. A first claimed 
function of SGR being involved in PAO regulation (Armstead et al., 2006, 2007; Ren 
et al., 2007; Sato et al., 2007) was recently withdrawn by better characterization of 
SGR in rice, but also in peas and in Arabidopsis. This led to a second hypothesis, 
suggesting a role of SGR upstream PAO, at the level of photosystem degradation 
(Park et al., 2007; Aubry et al., 2008). Further studies using different molecular and 
biochemical strategies might give more clues about the function of this intriguing 
factor.
A B 
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8. Biochemical identification of the RFF activity  
8.1 Introduction 
 
The key step of chl degradation is the irreversible opening of the porphyrin ring at the 
α-methine group of pheide. This reaction is catalyzed by the coupled action of an 
iron-sulphur Rieske type monooxygenase, PAO, and red chl catabolite reductase 
(RCCR). In vivo, depletion of PAO leads to the accumulation of its substrate pheide, 
without occurrence of further downstream catabolites (RCCs, FCCs and NCCs) 
(Pružinská et al., 2003; Pružinská et al., 2005). In contrast, RCCR depletion causes 
the accumulation of RCC, but also of further catabolites (Pružinská et al., 2007). This 
metabolic “leakage” might suggest that an enzyme different from RCCR might reduce 
RCC to pFCC. Recently, in vivo proof of involvement of RCCR in RCC reduction has 
been gained by exploiting formation of different stereospecific pFCCs depending on 
the RCCR source (Pružinská et al., 2007). Even though some proof of interaction 
between PAO and RCCR had been obtained using a double-hybrid strategy 
(Pružinská et al., 2007), further proofing of interaction was unsuccessful so far, 
despite intensive efforts in this direction, including cross-linking and co-
immunoprecipitation (S. Aubry and S. Hörtensteiner, unpublished). As a matter of 
fact, the mechanism of the PAO and RCCR reaction and the way, pheide/pFCC 
conversion is channelled without release of RCC (Hörtensteiner, 2006) is unclear. 
Here I report new advances in understanding what are the requirements for a proper 
PAO/RCCR reaction to take place in vitro.  
Based on cloning of both enzymes, in vitro studies have been performed for 
investigating the PAO/RCCR reaction (Pružinská et al., 2003). PAO proved difficult 
to be isolated in an active form from heterologous expression systems, but has been 
partially purified from Brassica napus or Capsicum annuum membranes 
(Hörtensteiner et al., 1995; Moser and Matile, 1997). RCCR has been cloned with an 
hexa-histidine tag and has been successfully expressed in E. coli (Pružinská et al., 
2007). A standard in vitro assay has been developed which includes Fd and a Fd-
reducing system (Hörtensteiner et al., 1995; Wüthrich et al., 2000). The assay 
combines the two steps of PAO/RCCR, thereby in a first step PAO introduces one 
molecule of dioxygen at the α-methine bridge on ring B of pheide to form an RCC. 
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Then a second molecule of oxygen is added on ring A, probably derived from water 
(Hörtensteiner et al., 1998). The second step is catalyzed by RCCR by reducing the 
C20/C1 bond of RCC to give pFCC. Assaying the two enzymes independently is rather 
inefficient, indicating metabolic channelling of RCC (Rodoni et al., 1997), but still 
amounts of products are formed, allowing the individual analysis of PAO and RCCR. 
Comparing individual and coupled reactions, it turned out that PAO required another 
factor to produce RCC in vitro (Fig. 23). Soluble protein extracts of E. coli have been 
used to restore PAO activity and this activity was tentatively called RFF (RCC 
forming factor) (A. Pruzinska and S. Hörtensteiner, unpublished results) (Pružinská et 
al., 2005), RFF was thought to be an additional factor involved in the reaction, like a 
second reductase. In this project I identified RFF required to get proper PAO activity 
in vitro, and which might be required as well in the PAO/RCCR reaction in vivo. To 
this end, I isolated RFF from soluble proteins of dark incubated Brassica napus 
cotyledons and purified  the activity by multistep chromatography. RFF activity was 
purified up to 250 times during this process and allowed the identification of RFF as a 
peroxidase using mass spectrometry.  
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Fig 23. RFF is needed for PAO activity in vitro. A. Full assay containing both PAO 
and RCCR is only efficient when RFF is supplied. B. 1st half assay. Conversion of 
pheide to RCC is also dependent on RFF activity. C. 2nd half assay. Conversion of 
RCC to pFCC is independent of RFF activity. RFF was supplied to standard assays as 
5 µl E. coli soluble protein extract in 50 µl assay reaction. Adapted from A. Pruzinska 
and S. Hörtensteiner (unpublished). 
 
 
 
 
 
 
 
 
 
 
 
 
RFF 
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8.2 Material and methods 
8.2.1 Brassica napus membrane isolation 
 
Brassica napus (canola) seeds were sown on soil and grown at 120 µmol m-2 s-1 at 16 
h light/8 h dark). For purification of RFF, 10 d old seedlings were cut and put in the 
dark for senescence induction during three days. 20 g cotyledons were homogenized 
in buffer 1 (0.4 M sorbitol, 25 mM Tricine-KOH pH 8, 2 mM EDTA, 1 mM MgCl2), 
filtrated through a nylon mesh and centrifuged for 4 min at 8000 g. Pelleted 
membranes were resuspended in 0.4 M sorbitol and 25 mM Tricine-KOH pH 8. After 
centrifugation (4 min, 8000 g), the pellet was resuspended in Tricine-KOH pH 8 with 
a paint brush and centrifuged for 5 min at 16000 g. The supernatant was filtered 
though 0.2 µm filter and used in subsequent purification steps as stromal soluble 
protein source (S1). Three subsequent chromatographic steps were performed to 
purify and identify RFF.  
8.2.2 Purification process : AEX, HIC, HPT 
 
All chromatographic steps were performed on an ECONO chromatography system 
(BioRad) and  performed at 4°C with a flow of 1 ml/min (0.8 ml/min for step III). 
Each fraction was monitored by an in vitro assay containing 5 µl of desalted fraction 
(see section 8.2.4 for assay description). Desalting of fractions was performed 
according to Helmerhorst and Stokes using Sephadex G50 (GE Healthcare) 
(Helmerhorst and Stokes, 1980). 
 
 
Step I: Anion exchange chromatography (AEX) 
S1 fraction was equilibrated in 2x buffer A to a final concentration of 100 mM NaCl. 
A HiTrap-Q-HP column (GE Healthcare) was washed with buffer A (Tris/Mes pH 8, 
10% glycerol, 100 mM NaCl). After loading of the sample (around 40 ml), the 
column was washed with buffer A for 30 min and elution carried out using buffer B 
(Tris/Mes pH 8, 10% glycerol, 1 M NaCl). 1 ml fractions were collected individually 
for monitoring RFF activity. 1 M NaCl fractions were desalted.  
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Step II: Hydrophobic interaction chromatography (HIC) 
A Hi-Trap Octyl-FF column (GE Healthcare) was equilibrated with buffer C 
containing 40 mM KPi pH 7 and 1 M ammonium sulphate. AEX fractions containing 
RFF activity were pooled and equilibrated 1:1 in 2x C then applied to the column. 
After 10 min washing in C, a linear gradient from C to D (40 mM KPi pH 7) over 20 
min was applied to the column and 1 ml fractions collected.   
 
Step III: Hydroxyapatite chromatography (HPT) 
The HIC fractions containing highest RFF activity were pooled and desalted in  buffer 
E (10 mM KPi pH 7). This solution was applied to an Econo-Pac CHT-II column 
(BioRad) that had been equilibrated in buffer D. A KPi step gradient was performed at 
0.8 ml/min with 40, 200 and 400 mM KPi pH 7.   
8.2.3 SDS-PAGE and MS-MS analysis 
 
The collected active HPT fractions were pooled and concentrated on an Amicon 
Ultra-15 column (Millipore). The sample was mixed with SDS loading buffer and 
boiled for 5 min, to be then load on a 12.5% polyacrylamide gel. Protein bands were 
visualized according to Blum’s silver staining protocol (Mortz et al., 2001). Gel slices 
were cut and trypsinised overnight according to published procedures (Shevchenko et 
al., 1996). Peptides were then eluted from the gel and identified by MS-MS (S. 
Baginsky, ETH Zürich).  
8.2.4 Isolation of PAO from pepper 
 
Pepper membranes were extracted according to published procedures (Moser and 
Matile, 1997) using slightly modified conditions. Homogenization buffer was used at 
1 ml/g fresh weight and the membrane pellet not frozen during the process. Pelleted 
membranes were resuspended in T/M pH 8 and centrifuged for 5 min at 13000 rpm. 
The obtained pellet was resuspended in T/M pH 8 and solubilised with 1% Triton X-
100. After centrifugation the supernatant was collected and used as crude PAO source 
(cPAO).  
Subsequently, an EAH purification was performed with cPAO according to published 
procedures  (Hörtensteiner et al., 1998), the column was washed with 0.05 M KCl in 
Tris/Mes containing 0.1% Triton X-100 (buffer F) for 30 min and then PAO was 
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eluted with buffer F containing 0.2 M KCl. After desalting into KCl free buffer F, 
fractions were used as EAH purified PAO source (pPAO) without any RCCR activity 
left.  
8.2.5 In vitro assay for characterization of RFF activity 
 
PAO/RCCR/RFF activities were assessed according to published procedures 
(Hörtensteiner et al., 1995; Pružinská et al., 2005). 50 µl assays contained pPAO 
(equivalent to 0.5 g tissue) and purified His6-At-RCCR (2.9 µg). 5 µl of every single 
desalted fraction was tested as source of RFF. The assays were supplemented with 0.5 
mM pheide a (Hörtensteiner et al., 1995), 10 µg of Fd, and a Fd-reducing system 
consisting of 2 mM glucose-6-phosphate, 1 mM NADPH, 50 milliunits of glucose-6-
phosphate dehydrogenase, and 5 milliunits of ferredoxin NADPH oxidoreductase. 
After 1 h of incubation at 25°C, reactions were terminated by the addition of 80 µl of 
methanol. Formation of pFCC was followed by reversed-phase HPLC with 36% (v/v) 
50 mM potassium phosphate buffer, pH 7.0, in methanol as solvent. Activities were 
determined as integrated fluorescence units (IU; 320/450 nm) of pFCC-1.  
8.2.6 Leaf disc incubation 
 
Arabidopsis leaf discs (1 cm diameter) from mature leaves were floated on water 
containing 0, 0.1, 0.5 and 1% freshly prepared H2O2 and dark incubated for 3 d. 
Proteins were extracted and PAO Western blots performed according to published 
protocols (Pružinská et al., 2007). 
8.2.7 Staining for catalase activity and H2O2 with NBT 
 
10% native polyacrylamide gels were incubated in 0.003% hydrogen peroxide for 10 
min. The gels were then stained with 1% ferric chloride and 1% potassium 
ferricyanide for 30 min (Wood et al., 2006). Finally, the gel was washed extensively 
with water. Achromatic white areas revealed catalase activity. H2O2 staining was 
performed using 1 µl NBT (50 µg/µl) in a 50 µl assay. Dark brown colour appears 
when H2O2 is produced. 
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8.2.8 Protein determination 
 
Protein amounts of fractions were determined using Bradford assay (Bio-Rad) 
according to the manufacturer’s protocol.  
8.3 Results 
8.3.1 Purification of “RFF” activity 
 
Three successive steps were necessary to obtain a protein fraction that was pure 
enough to identify RFF. In the first step, I used a weak anion exchange column for a 
crude purification of the S1 extract. 100 mM NaCl was used to load the sample, and 
all the activity eluted without binding to the column (Fig. 24A), while most of the 
proteins were binding, as shown in the OD280 trace, and only eluted with 1 M NaCl. 
This step allowed to remove two third of the proteins and enriched the specific 
activity by 10 fold (Fig. 25A). All active fractions were directly used for the second 
step without desalting. In the second step I used a middle range hydrophobic medium 
(octyl-FF) and after loading the pooled active fraction of the first step, a linear 
decreasing gradient of ammonium sulphate, from 1 M to 0 M in 10 min was applied. 
RFF eluted at around 350 mM NH4SO4 (Fig. 24B). Active fractions were pooled and 
desalted on Sephadex G-25. This step allowed only a 2x increase of specific activity, 
probably because of the broad elution profile.  In a third step, the active HIC fractions 
were applied to an affinity chromatography using a hydroxyapatite resin. The column 
was performed with a step gradient of phosphate buffer increasing from 0 to 300 mM 
(Fig. 24C). Most of the activity eluted at around 100 and 200 mM. The third step was 
the most successful purification step with an increase of specific activity at around 
13x of RFF. Thus, overall purification was around 250 fold with a yield of less than 
2% of RFF activity (Fig. 25A). Fractions were pooled and desalted before 
concentration on AmiconUltra column and analysis by SDS-PAGE. A decreasing 
complexity of the different fractions along the purification process could be evaluated 
after silver staining (Fig. 25B).   
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Figure 24. Purification of RFF. A. Anion exchange chromatography. The column 
was processed with 100 mM and 1 M NaCl. B. Hydrophobic interaction 
chromatography. C. Hydroxyapatite chromatography performed with a step gradient 
of 0-300mM KPi. Assays (gray columns) were performed with 5 µl of individual 
fractions as shown. Full, positive control with RFF from E. coli; –X, assay minus 
RFF; L, load on the column. Lines represent relative OD280, indicating protein 
content of the fractions. Fractions containing more than 30000 IU were collected, 
pooled and loaded on the next step.  
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Sample Volume 
(µl) 
Concentration 
(µg/µl) 
Total 
protein 
(µg) 
Activity 
5 µl 
Activity 1 
µl 
Total 
Activity 
(IU) 
Specific 
activity 
(IU) 
Yield 
(%) 
Purif 
(fold) 
L 17000 1.427 24259 77786 15557 264472400 0.64 100 1 
AEX 14000 0.057 799.42 26545 5309 74326000 6.64 28.1 10.3 
HIC 5000 0.066 328.98 20309 4061.8 20309000 12.34 7.68 19.2 
HPT 1000 0.026 25.79 20987 4197.4 4197400 162.74 1.59 253.7 
 
 
 
 
Figure 25. RFF purification summary. A. Table of the protein purification. L, 
loading (S1 from canola). AEX, anion exchange chromatography. HIC, hydrophobic 
interaction chromatography. HPT, hydroxyapatite chromatography. Total RFF 
enrichment of 250 fold was achieved after the total process. B. Silver stained gel of 
the fractions from the purification process. 1. S1 diluted 10x. 2. Pooled fractions 
loaded on HIC. 3. Pooled fractions loaded on HPT. 4. Pooled fractions obtained after 
HPT which were used for MS analysis. 
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Gel slices were cut, trypsinised and analyzed by MS-MS. All peptides identified were 
from B. napus. When sequences were compared with the in silico trypsinised 
Arabidopsis proteome, it was possible to identify 5 major proteins present in final the 
highly enriched final RFF extract, although based on the silver-stained gel (Fig. 25B), 
it is clear that not all proteins present in the fraction were identified. Identified 
proteins were the following :  
Accession Name 
Q42547 Catalase 3 
O81248 Alanine glyoxylate aminotransferase 
Q43743 Glyoxisomal malate dehydrogenase 
Q8VYW9 Aminotransferase 1 
O49124 Putative serine-glyoxylate aminotransferase 
 
Surprisingly, most of the identified proteins are localized in glyoxisomes and 
peroxisomes which most probably had been co-purified with the stromal proteins. In 
cotyledons of B. napus it is known that peroxisomes and glyoxisomes are extremely 
abundant, due to strong remobilization of lipids (Hayashi et al., 2001). Facing these 
results, I investigated the only reasonable candidate for RFF out of the five proteins 
identified and added catalase (Sigma) to the PAO/RCCR assay. Indeed, addition of 10 
units of catalase restored PAO activity and pFCC production (Fig. 26B) and this could 
replace the addition to the assay of bacterial extract. Catalases are converting H2O2 
into water and oxygen (Asada, 2006) and it was likely to assume that the function of 
RFF was to remove reactive oxygen species formed as a result of PAO activity. To 
test this, I added H2O2 to the in vitro assay and strongly inhibited pFCC formation in a 
concentration dependent manner (Fig. 26B). Thus, I concluded that H2O2 directly 
inhibited PAO. This inhibition was partially reversed by the addition of excess 
catalase (Fig. 26C).  
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8.3.2 Role of ROS in the PAO/RCCR reaction and potential in vivo 
relevance 
 
-H2O2 effect in vitro 
An intriguing fact was the incapacity of superoxide dismutase (catalyzing the 
conversion of superoxide to hydrogen peroxide) to act as a protective ROS 
scavenging agent like catalase (Fig. 26C). As a monooxygenase, PAO mechanism is 
using an iron-peroxo intermediate during activation of oxygen (Solomon et al., 2000). 
It seems possible that SOD traps this intermediate and thus inhibits the reaction. 
Catalases are known to be localized to peroxisomes. If a H2O2-detoxifying activity is 
required for PAO activity, one has to assume that in vivo the activity would be due to 
chloroplast-localized peroxidases, like ascorbate peroxidase rather than catalase itself.    
 
-In vitro production of ROS by PAO and NADPH 
Production of ROS in vitro was assessed by staining with nitroblue tetrazolium (NBT) 
(Fryer et al., 2002). ROS production was associated with pPAO or RCCR only if 
incubated with NADPH (Fig. 27A), but RCCR activity was not sensitive to ROS 
production (data not shown).  
 
-Pepper chromoplast membranes contains catalase activity 
Pepper fruit chromoplast membranes are known to have a strong PAO activity (Moser 
and Matile, 1997). Knowing RFF to be identical to catalase/peroxidase, I wanted to 
know whether these particularly strong activity was due to any protective peroxidase 
activity present in either membrane pepper extracts (cPAO) or EAH purified PAO 
(pPAO). A native gel was stained for catalase activity and indeed some hydrogen 
peroxide degrading activity could be detected in cPAO fractions, however no activity 
could be observed in the pPAO fraction of lower activity (Fig. 27B). Destruction of 
PAO activity in the absence of an efficient peroxidase protection was evaluated to be 
less than 10 min (data not shown).  
 
-PAO levels are reduced by hydrogen peroxide in vivo 
Incubation of leaf discs in hydrogen peroxide solution showed a retention of 
greenness and a decrease in PAO content with increasing H2O2 concentrations. Thus 
PAO seemed to be sensitive to oxidative stress in vivo (Fig. 28). However it remains 
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to be shown that ROS effect is linked to the loss of PAO or to a broader senescence 
process. To investigate the in vivo requirements of peroxidases for PAO activity, we 
analyzed PAO levels in  mutants overexpressing the stromal APX (Murgia et al., 
2004), or knockout lines for the stromal and thylakoid APX (K. Van Wijk, personal 
communication). Unfortunately, no differences of PAO protein levels, analyzed by 
Western blot could be observed in those lines (data not shown).     
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Figure 26.  The PAO/RCCR assay needs a ROS detoxifying activity. A. Catalase 
mimics RFF activity by protecting PAO. Control without catalase. B. Addition of 
H2O2 in a full assay leads to the decrease of pFCC formation. C. Superoxide 
dismutase (SOD) inhibits the reaction completely.  
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n.d. ± 25000 ± 150000 PAO activity (IU) 
1 2 3  
 
Figure 27. A. H2O2 staining with NBT in full assays. Line 1. NADPH + purified PAO 
(pPAO). Line 2. pPAO alone. Line 3. pPAO + RCCR. Line 4. RCCR + NADPH. B. 
Demonstration of peroxidase activity via potassium ferricyanide staining of a native 
polyacrylamide gel. Line 1. Pure catalase. Line 2. Purified pepper PAO. Line 3. 
membrane of high PAO activity (cPAO), see section 8.2.4. 
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8.4 Discussion 
 
RFF study and its purification led to a surprising result of requirement of a peroxidase 
in the PAO reaction and to a better understanding of the PAO/RCCR reaction. In 
contrast to our basic hypothesis there is a priori no additional factor needed in this 
reaction. It seems that in vitro, detoxifying reactive oxygen species is a prerequisite to 
obtain significant PAO activity. Production of pFCC required RFF/catalase activity as 
well as the presence of the substrate pheide, O2 and reduced Fd.  
In the coupled in vitro assay, Fd-NADPH oxidoreductase (FNR), which reduces Fd, is 
most probably responsible for a large part of the ROS production. Staining of H2O2 
using NBT showed ROS production only if PAO or RCCR were incubated with 
NADPH (Fig. 27A). But under oxygenic conditions, some ROS production is linked 
to PAO activity. cPAO fractions showed around 2 to 5 times higher PAO activity 
compared to pPAO. Checking for catalase activity in these extracts showed major 
amounts of catalase in cPAO (Fig. 27B), which may explain this unusual high PAO 
activity compared to canola, barley or Arabidopsis membrane extracts.   
Assessing PAO activity and stability in vitro and demonstration of catalase 
/peroxidase activity requirement still questioned its in vivo relevance. During 
senescence, ROS content in the plastid largely increases (Mach, 2004), it might be 
necessary to protect PAO in order to retain sufficient chl degradation. Usually, the 
Rieske type monooxygenase mechanism involves an activated oxygen intermediate 
bound to the mononuclear iron which might have an inhibitory effect on the enzyme 
itself (Fig. 29). Naphthalene dioxygenase (NDO) has been shown under certain 
conditions to form a superoxide anion as well as hydrogen peroxide via an uncoupled 
electron transfer. O2 binds to the ferrous mononuclear iron at the active site and 
produces hydroxyl radicals .OH (Lee, 1999). It is surprising to observe that PAO as an 
enzyme which is specifically involved in a high oxidative environment (dismantling 
chloroplasts) is sensitive to ROS. Pheide degradation due to direct oxidative effects of 
H2O2 could be ruled out by pre-incubating the enzyme with H2O2, and loosing its 
activity as well. Such ROS activity on porphyrins have been however suggested by 
Bollivar and Beale during purification of PPIX monomethyl ester cyclase (Bollivar 
and Beale, 1996). 
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Figure 28. H2O2 effect on leaf disc senescence and PAO levels. A. Leaf discs from 
Col-0 were floated for 5 days in the dark on 0.1 to 1% hydrogen peroxide. B. PAO 
Western blot of leaf discs from panel A.  
 
Figure 29. Hypothetical model of action of catalase/peroxidase and ROS on PAO 
activity. PAO activates dioxygen and might produce some ROS via oxygen 
intermediate or via FNR in vitro. Catalase activity allows protection of PAO by 
detoxifying H2O2 to water and oxygen. SOD might act on the intermediate and shut 
down the reaction by converting activated oxygen to H2O2, thereby removing the 
cosubstrate required for incorporation into pheide a.  
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Previous to the present identification of RFF activity, it has been shown that RFF 
activity is not senescence-specific and not restricted to leaves in the Arabidopsis acd2 
mutant (A. Pruzinska and S. Hörtensteiner, unpublished), suggesting a general process 
not necessarily involved directly in PAO activity.  
Even if catalase activity is most probably the strongest activity allowing to protect 
PAO function in vitro it is not the enzyme responsible for this function in vivo. All 
three cloned catalases in Arabidopsis, and most probably also in oilseed rape are 
located to the peroxisome. However a catalase activity has been associated, but not 
molecularly identified with photosystem II (Sheptovitsky and Brudvig, 1996). 
Protection of PAO by other chloroplastic peroxidizing enzymes like ascorbate 
peroxidase, superoxide dismutase, or peroxiredoxine (Apel and Hirt, 2004) is most 
likely. Yet, investigating PAO levels in lines overexpressing or knocking out stromal 
and/or thylakoid ascorbate peroxidase did not show any instability (data not shown). 
The complexity of the ROS detoxifying enzyme network in the chloroplast will make 
further studies in vivo on PAO instability rather difficult. It is of interest to remark 
that even if PAO expression is increasing until the end of the senescence period, PAO 
protein levels are decreasing at later stages (Pružinská et al., 2005). Such observation 
might suggest a need for an in vivo ROS-free environment for PAO in order to 
degrade chl.  
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9. Chlorophyll breakdown in Arabidopsis: Characterization 
of chlorophyll catabolites and of chlorophyll catabolic 
enzymes involved in the degreening reaction 
 
 
Adriana Pruzinska, Gaby Tanner, Sylvain Aubry, Iwona Anders, Simone Moser, 
Thomas Müller, Jarl-Hans Ongania, Bernhard Kräutler, Ji-Young Youn, Sarah J. 
Liljegren, and Stefan Hörtensteiner 
 
 
 
 
Reprinted from Plant Physiology (2005) 139; 52-63 
 
In this publication, we describe the PAO degradation pathway of chl in Arabidopsis. It 
is a fundamental paper gathering data concerning mutants impaired in the PAO gene. 
We furthermore describe the complexity of Arabidopsis chl catabolites and discuss 
about the function and regulation of PAO, as the key step of the degradation of chl.   
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10.  In vivo participation of red chlorophyll catabolite 
reductase in chlorophyll breakdown 
 
Adriana Pruzinska, Iwona Anders, Sylvain Aubry, Nicole Schenk, Esther Tapernoux-
Lüthi, Thomas Müller, Bernhard Kräutler, and Stefan Hörtensteiner 
 
 
 
Reprinted from: The Plant Cell (2007) 19, 369-387 
 
 
This paper appeared in the context of discussion about the biochemical involvement 
of RCCR in the degradation of chl. We show that RCCR is unequivocally involved in 
the reduction of RCC to pFCC, and provide some more data characterizing RCCR 
mutant phenotype and a hypothetical PAO/RCCR interaction. This study provides in 
vivo confirmation of the involvement of RCCR in the chl degradation pathway.  
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11.  Conclusion and outlook 
 
During the three years I worked on chl catabolism, I investigated several aspects of a 
basic plant problem: how to get rid of the extremely phototoxic chl derivatives once 
chl gets started to be degraded during senescence. Catabolites and enzymes involved 
in porphyrin degradation were already well described when I started this work. 
Questions were open regarding the transport processes implicated in chl detoxification 
and its regulation during leaf senescence.  
A major “black” point, still remaining to be determined is which step controls the 
pathway. Limits of our understanding of chl breakdown regulation are set by our 
weak knowledge of the degradation of chl apoproteins, two processes intimately 
associated. Recent studies on mutants of SGR (section 7) or chlases (S. Hörtensteiner 
and S. Schelbert, personal communication) show a tightly joint mechanism of 
photosystem/chl degradation. A detailed elucidation of antenna degradation, where 
most of the chl is located, as well as of PS core degradation would improve a lot our 
understanding of the limitation of chl degradation. Matile et al. (1999) already pointed 
to a lack of information concerning the mechanism of photosystem degradation, and 
converging interests from “pigment and protein researchers” would help 
understanding these mechanisms. A first report from Kusaba et al. (2007) suggested 
that the overall degradation might start with a destabilization of the antennas by the 
conversion of chl b to a. Even if this hypothesis is correct, the processes of chl 
conversion from b to a, as well as the degradation of the antennas, to the 
dephytylation of chl by a chlase are still poorly described.  
In this context, knowledge on the function of SGR or elucidation of SGR-interacting 
partners would bring critical information on early chl degradation. Regulation might 
also occur as often suggested at the PAO level (Chung et al., 2006). pao1 expression 
analysis by microarray technology might add more information about genes which are 
regulated in response to accumulation of pheide. It has been shown that SGR 
expression is downregulated in a pao1 background upon dark-induced senescence, 
whereas it is upregulated in WT (Park et al., 2007). The mechanism by which PAO 
absence leads to a down-regulation of SGR would highlight an interesting feature of a 
probable regulation of part of the senescence activated genes via pheide accumulation 
(Fig. 30). On the other hand, silencing of SGR in pao1 does prevent accumulation of  
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pheide, suggesting SGR to be upstream of PAO in the pathway (Aubry et al., 2008). A 
feedback mechanism of degradation, avoiding pheide accumulation by stopping 
further photosystem degradation might exist. Infiltrating pheide into plants or an 
inducible PAO silencing system would help to understand the exact regulation 
mechanism between SGR and PAO. 
Of the chl catabolic reactions PAO remains to date the only step of chl breakdown 
which if absent entirely stops the process. All other steps are either not well described 
or involve reactions, whose absence only cause a partial retention of chl or its 
catabolites. PAO confers one of the few proofs of an unique pathway in the 
chloroplast to detoxify chl. Occurrence of an other pathway as suggested in the past 
(Takamiya et al., 2000) is really unlikely based on actual data.  
Besides the enzymatic reactions taking place, which are in most known cases encoded 
by single copy genes, it is clear that transport of chl catabolites across the chloroplast 
envelope and the tonoplast in both cases involves a set of different transporters. Still it 
is likely that individual transporters (AtWBC23 for the chlp, AtMRP2 for the 
tonoplast) are major contributors to overall transport. The known broad substrate 
specificity of ABC transporters might be understood more as a selective advantage 
than a consequence of unspecificity. Chl derivatives are occurring mainly during 
senescence, and transport has to happen in a fast way in order not to slow-down the 
detoxification process. In Arabidopsis, within about three days, almost all of the 1 mg 
chl/g fresh weight present in green leaves is translocated to the vacuole. Knowing that 
1 mg leaf material corresponds to 1.107 cells, one can roughly calculate that every cell 
has to convert 0.1 pmol chl in 3 days, meaning roughly 2.105 molecules of chl per 
second have to be exported from the chloroplast and sent to the vacuole. These 
amounts are most probably traces in comparison to the degradation products of the 
photosystem complex proteins. However a rather quick and efficient transporter 
system is needed for catabolite transport not to induce phototoxic effects. In the 
special case of the HR response, where chl is degraded in localized areas, PAO with a 
whole set of other genes is known to trigger the response, and it would be interesting 
to check HR response in wbc23 mutants for example.  
In the biosynthetic pathways of some secondary metabolites, it has been shown that 
all the enzymes involved are working in complexes to channel the substrates and to 
avoid loss of intermediates (Jorgensen et al., 2005). The proof of an interaction of 
PAO and RCCR is rather weak (Pružinská et al., 2007) but it could be imagined that 
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chlide is also taken through a MCS-PAO-RCCR complex which might even interact 
with WBC23 to directly export pFCC from the plastid. Channelling of the chl 
intermediates would allow a safer processing of the phototoxins and may also 
facilitate a regulation of degradation.   
As described all along this study, chl breakdown during senescence is rather well 
understood. However, at the steady-state level, i.e. before senescence, parts of 
photosystems get recycled and chl biosynthesis genes keep basal expression levels, 
indicating basal chl biosynthesis. From an other point of view, plants are adapting to 
different light conditions by changing the size of their antennas, and this in some 
situation might also need a degradation of chl-protein complexes (Ballottari et al., 
2007). Partial degradation/recycling of photosystems, either the cores or the antennas, 
requires a mechanism by which chl is degraded/recycled, but which is not senescence-
associated. So far, no evidence has been reported for an involvement of the PAO 
pathway in this process, or not even than such a process is going on. NCCs were not 
yet detected in green tissues. However, the severity of the pao1 lesion-mimic 
phenotype seems correlated with the age of the tissue, suggesting minimal pheide 
accumulation before senescence, maybe due to a premature initiation of early chl 
degradation. Experiments correlating pheide accumulation with the age of the plants 
in pao1 should be performed to confirm such an hypothesis. Chl degradation in green 
tissue is a physiological need, as anabolism and catabolism are coexisting. Conflicting 
results of chl half-life times in Synechocystis (more than 200 h) or higher plants (6 to 
80 h) would need some more experiments to evaluate the real impact of chl turnover 
for the whole porphyrin metabolism regulation (Stobart and Hendry, 1984; Hendry 
and Stobart, 1986; Vavilin and Vermaas, 2007). 
In conclusion, chl and photosystems allow plants to convert light energy to chemical 
energy during photosynthesis, the basic process for all life on earth. However the 
photoreactive property of chl is a sword of Damocles (Timaeus of Tauromenium, 350 
BC), and soon turns into a threat when chl is released from its apoproteins. The 
complexity of the chl detoxification process underlines major selective advantage it 
gives to a photosynthesizing organisms to carefully degrade pigments.    
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Figure 30. Proposed model for regulation of Chl breakdown. The scheme is based 
on available data from mutants defective in SGR (Park et al., 2007, Aubry et al., 2008) 
and NYC (Kusaba et al., 2007). For abbreviations, see text. 
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